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THRFr TFXT PIGUnES AND TEN rL.\TES 

A knowledge of the internal structure of the cerebellum of 
fishes IS so important for an understanding of the phj logeny of 
tins organ, and of its comparative phjsiologj' through the ver- 
tebrate senes, as to justify a detailed examination of its fiber- 
tract connections Since the cerebellum is concerned with the 
coordination of muscular movements, as w ell as with cquibbnum, 
we have chosen for this study seicral species which differ mark- 
edly m those habits of life, which are dependent pnncipallj upon 
bodily activity. 

Obsenations were made chicflj on three fonns — Gaclus mor- 
rhua (cod), Anus (a siluroid), and Plcuronectes limanda (a flat- 
fish) Gadus, a pelagic fonn, is a powerful swimmer, winch 
tra\ er&cs long distances m its constant migrations Plcuronectes, 
by contrast, is sedentar} in its habits, although it, too, shows 
seasonal nugrations Usuallj it rests quiescent on the bottom, 
which it simulates more or less closely Its food consists mainly 
of crustaceans and small fish, which it catches bj sudden lapid 
movements Arms is a Siluroid frequenting mudd^ bottoms, 
where it li\es among the vegetation and debris 

In these fonns an anatomical studj of the cerebellar pathways 
has been made with the purjiosc of seemg not onl} the course 
and relation of the various tracts, but also the difference^ m size 
exhibited b> the same tract in the three species Ihc^^c obser- 
vations on cerebellar structure have possible bcanngs in several 
directions 1) on the architecture of the cerebellum and the alter- 
ations which it has undergone, both bv addition and subtraction, 
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may bo seen in figures 4, 9, and 12. The massing of the sub- 
stance of the cerebellum into a compact structure, which lies in 
the midline, is shown by Franz (’ll a) to be probably due to the 
lack of space in the early larval cranium, and he believes the oral 
extension of the cerebellum (valvula) under the mid-brain to bo 
probably due to the same cause. The outlines of the sagittal 
sections of the three cerebclla, as reconstructed by the method 
of van der Horst (’18), are shown in figures 1, 2, and 3. The 
outlines arc magnified in the same proportion as the photographs 
of the transverse sections. In all three the corpus is very large 
as compared with the valvula. The corpus varies in shape and 
relative size in the tliree forms. In Gadus the corpus is largest, 
in Arius intermediate, and in Pleuroncctes smallest. In Gadus 
it forms a large prominent convex mass which curves caudally 
over the medulla. In Pleuroncctes, it rises dorsally but docs not 
extend so far caudall 3 ^ In Arius, it is different in form inasmuch 
as it extends both orally and caudnllj", and, in fact, has its greatest 
dimension in the oral direction. 

The valvula in both Gadus and Pleuroncctes is a recurved 
structure, so that the convex surface of this part of the cere- 
bellum is covered by the granule layer. In Arius the form is 
simpler, since the valvula is continued directl}^ forward to the 
velum anticum without recurving. The attachment of the lobi 
inferiores hjiiotlmlami, wliich arc bilateral structures, is .shown 
in figures 1, 2, and 3 ns if in the midline. A comparison of the 
three figures shows that in Gadus and Pleuroncctes, both of 
which have welWcveloped optic lobes, the main mass of the cor- 
pus ccrcbelU is placed more caudallj" with respect to the position 
of the lobi inferiores than in .Vrius, whicli has small optic lobes. 

MATEIUAI. AND MKTIIOD.S 

TIio material for the studj' con'^ists of complete serial sections 
of the brains of the throe forms, in the collection of the Nethcr- 
land.s Prain Institute of Amsterdam. Thei50 sections were stained 
by the Pal-\Vcigert method and count orstained with paracannine. 
For the purpose of comparing the croj'S-arcjus of the tracts, draw- 
ings were made of selcctotl regions vith the aid of the Edinger 
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drawing apparatus. As a basis for comparison, a corresponding 
region of the medulla (near entrance of fifth nerve) in the three 
forms was utilized. This region was magnified so that the re- 
sultant drawings of the medulla in the tliree forms were of the 
same size, as nearly as possible. The magnifications, thus 
arrived at, were for Gadus, 10, for Arius, 15, and for Pleuronectes, 
20. These magnifications were used for the drawings throughout 
each series. On the basis of these drawings, a comparison of 
the size of each of the tracts was made. The brains are believed 
to be typical of the mature animals of these species, but no 
quantitative data were available. 

FIBER-^TRACTS OF THE CEREBELLUM 

The following tracts were studied: 

Afferent tracts; 

Tractus mesencephalo-cerebellaris anterior; 

Tractus mesencephalo-cerebellaris posterior; 

Tractus lobo-cerebellaris; 

Tractus spino- et olivo-cerebellaris; 

Tractus laterali-cerebellaris; 

Tractus vestibulo-cerebellaris. 

Efferent tracts: 

Tractus cerebello-motorius, 

including brachia conjunctiva. 

Trachis vicsciiccphalo-cerehellaris anierior 

Gachis, Origin. From cephalic end of midbrain, from the 
region where the anterior border of the tectum opticum, the 
torus longitudinalis and the tegmentum come together. This 
is at the level of the posterior commissm'e. 

From lierc it runs caudad to near the junction of mid- and hind- 
brain. 

First, its fibers collect into several bundles and run just beneath- 
the floor of the o])tic ventricle. It is accompanied vent rally 
by a single rounded bundle, which is the horizontal commissure 
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of Fritsch. Soon the several bundles of the anterior mcscn- 
cephalo-ccrebcllar tract become more compacted, all forming one 
oval bundle. Ljdng in its vential margin is the horizontal com- 
mi«5sure of Fritsch. This arrangement continues until the 
horizontal commissure of Fritsch takes a more ventral direction 
to join the nucleus rotundus. About the same level the tractus 
octa'i'o-mesencephalicus or lateral lemniscus is established and 
the anterior mcsencejdialo-cerebellar tract and the lateral lem- 
niscus lie side by side, tlm former aluays mesial in position. 
Where the most anterior attachment of the vahuila to the teg- 
mentum is seen, the relations are as in figure 4. The anterior 
mcsencephalo-ccrebellar tract enters the cerebellum just caudad 
of the posterior mcsencephalo-cerebellar tract (fig. 5). As it 
runs in the corpus ccrcbelli its bundles spread apart (figs. G and 7) 
and these soon begin to cross. After they cross, they take a 
lateral position in the granule layer of the corpus ccrcbelli, and 
continue backwards still in the form of bundles. These bundles 
subdivide into smaller groups and the fibers end in the cortex 
(Franz, Tl, molecular layer). Some bundles reach the extreme 
posterior limit of the corpus cerebelH, as shovTi in figure S. 

Arms, The origin is as in Gadus. It runs caudad as a 
single bundle or as two bundles. It comes gradually into a more 
ventral position (fig. 9) where it lies medial to the tractus octavo- 
mcsencephalicus (lateral lemniscus) and above the tractus lobo- 
cerebcllaris. In the region where the posterior mcsencephalo- 
cerebellar tract enters the vahuila ccrcbelli, the relations arc 
still somewhat similar, ns shown in figure 10. It gradually takes 
up a more median position at the corner of the ventricle. Then 
it comes nearer the midhne in the roof of the ventricle, and passes 
under the eoiiimissurc of the secondary gustator}* nuclei. As 
it passes under this commissure, it curves ujiwards on the caudal 
side of the commissure, and then forwards to re.acli the cor|nis 
ccrcbelli, along with other cerebellar tracts (fig. 2). 

Plntro7icclcs. The origin is as in Gadus h^or a short distance 
the horizontal commissure of Fritsch accomtiaims it, at first 
laterally, then vcutro-Iatcrally, finally vcntrally as the honzontal 
commissure of Fntsch runs down into the large nucleus rotundus. 



8 


TVn.MAM II. F. ADDISON 


It then runs nnaocompaniocl in the dorsal part of the tcRinontum 
for a short distance. When the lateral lemniscus is c.slablishcd, 
t.ho anterior mcscncejdmlo-cercbellar tract, lies mesial to it. 
Where t,hc valvula joins the inidbrain, the anterior mcscncc- 
])halo-(!orebellar tract is below and mesial to the nucleus lateralis 
valvulae, .and below the fibers of tlic ])ostcrior mcsencciihalo- 
cerebellar tract, which originate from the cells of the nucleus 
lateralis valvulae (fig. 1 2) . The ant,crior mescncephalo-cerebellar 
t,ract, does not, cnt,er t.he cerebellum at once, however, Imt con- 
tinues caudally to enter the most cc])halic part of the corpus 
cereiielli, together with the caudal part of the posterior mesen- 
ccphalo-c or cbellar tract . 

'I'hesc t wo run together in the corpus ccrcbclli as a compact 
bundle to the posterior end of the eorpus cerebclli. A small 
number of crossing fibers .arc seen, but, for the most part, the 
fibers coidd not bo followed to the opjiosite side. 

Clom]iarison. This tract is shown in cross-section in figure 4 
(Gadus), in figures 9 and 10 (Arius), and in figure 12 (Pleuro- 
ncctos). It, is largest in Gadus, intermediate in Pleuroncctes, 
and smallest in Arius. Franz (’ll, p. 423) pointed out that the 
size of t,his tii-act irarallcls in a high degree the size of the visual 
app.aratus. The above comparison substantiates this idea. 
For in the ]ielagic form, Gadus, the eyes are large, while in 
Siluroids as Arius, which search for their food chieflj” with t.heir 
tastc-ovgans, the eyes arc reduced. The flat-fish show an intcr- 
mcdiatiC but, high degree of dovclo]nncnt of the visual system. 
Those animals ordinarily rest quietly on the bottom, resembling 
in t,heir gencr.al appearance t,hc background on which they lie. 
Their eyes arc jiromincnt and move independently of each other. 
When crustaceans or sm.all fish suitable for food come near they 
s]n‘ing u]) rapidly and seize them. So that in Pleuroncctes, the 
eyes play an im]>ortant part in enabling the anim.al to secure food. 

'J'raclns mcscriccphalo-ccrchclJaris posterior 

Gadus. Origin. From the nucleus lateralis v.alvulae (fig. 4). 

There arc two ]iarts to the tract: I) to the valvula; II) to the 
corpus cerebclli (fig. 1). 
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I. The most anterior fibers curve upwards in fine strands into 
the dorsal part of the vahnila and run forwards in it. 

II. The main part of the tract is seen as a wide band of fibers 
which curv’es upwards and inwards to enter the ventral part of 
the valvula cercbelli (fig. 4), and the adjoining region of the corpus 
ccrebolli. There the fibers collect into bundles which arc some- 
what irregularly arranged, and arc situated dorso-mesially to the 
anterior mcsencephalo-ccrebellar tracts (fig. 5). These bundles 
continue caudad in the corpus cerebclli, where they gradually 
move toward the midlinc and cross (fig. 6). They continue in 
this median position in the granule layer of the corpus cerebelU 
for some distance (fig. 7), Immediately ventro-latcral to them 
at this time are the anterior meseucejihalo-cercbcllar tracts which 
gradually approach the midlino and cross. While the latter 
tracts are crossing, the posterior mesencephalo-cercbellar tracts 
rapidly diminish in size. After the anterior mesenccplialo- 
cercbcllar tracts have crossed, they take U)) a position lateral to 
the posterior mesencephalo-ccrcbcllnr tracts (fig. 8). Thus a 
cross section of the corpus cerebelU at this position sho\vs three 
bundles — a small median (the posterior mcsencophalo-corcbellar 
tract) and two large lateral bundles (the anterior mcsencephalo- 
cerebcllar tracts). As the tlirce tracts arc followed caudally, 
the median gradual!}’' becomes less distinct, as its fibers end, while 
the lateral tracts continue much farther posteriorly (fig, 1). 

Arins, Origin. From the nucleus lateralis valvulae (fig. 10). 
This tract forms the most cephalic connection between the 
tegmentum and the valvula cerebelU. 

There arc two parts to this tract and the part to the corpus is 
again subdivided (fig. 2). 

I. The most cephalic part runs as a wide band of fibers directly 
ii})wards into the granule layer of the vahnila (fig. 101. Here 
they turn forwards and fonu a layer of fibers in the ventral part 
of the granule layer. These fibers may be followed to the an- 
terior extremity of the valvula. Crossing fibers arc seen through- 
out the length of the valvula. 

II, Tlic remainder of the libers do not nin this course, but 
collect them selves into numerous small bundles which at first 
run caudally. 
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upwards just caudad of the commissui'a veli and the commissure 
of the nuclei of the ascending secondary gustatory tracts to enter 
the corpus cerebelli in a position mesial to the anterior mesen- 
cephalo-cerebellar tracts. 

Arius. Origin. The fibers oiiginating from cells of the lobus 
inferior collect into a bundle, which emerges from the lobus in- 
ferior about midway between its anterior and posterior poles, 
and which passes upwards into the basis mesencephali just 
cephalad of the commissura ansulata (fig. 9). 

Here it is seen ventral to the anterior mesencephalo-cerebellar 
tract, and it accompanies this tract caudad for some distance. 
A division soon occurs in the bundle. One part lies very close 
to the anterior mesencephalo-cerebellar tract (fig. 10), while the 
other part of the tract has a ventral position. The dorsal portion 
is the real lobo-cerebellar tract. The ventral part parallels the 
lateral lemniscus and runs caudad. The dorsal portion continues 
to follow the anterior mesencephalo-cerebellar tract, being ven- 
trolateral to it as seen on left side of figure 10. With the an- 
terior mesencephalo-cerebellar tract, it takes up a position in the 
roof of the ventricle, and they continue there until they reach 
the ventral side of the commissure of the nuclei of the ascending 
secondary gustatory tracts. They curve upwards on the caudal 
side of this commissure to reach the corpus cerebelli. In their 
course around this commissure they are paralleled by fibers of 
the cerebello-motorius tract, which are leaving the cerebellum. 

Fleur onectes. Origin. From 'the lobus inferior hypothalami, 
midway between the anterior and posterior poles. 

It leaves the lobus just cephalad of the commissura ansulata, 
and proceeds caudally and upwards. It soon comes-to lie in the 
position seen in figure 12, viz., a small bundle just medial to the 
lateral lemniscus and a short distance below the anterior mesen- 
cephalo-cerebellar tract. It runs in tins position, or (later) in 
a position slightly more dorsal to the lateral lemniscus imtil the 
level of the commissure of the nuclei of the ascending secondary 
gustatory tracts is reached. It turns upwards and mesially 
on the caudal side of this connnissure and passes into the cere- 
bellum. 
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From the level of the commissure of the nuclei of the ascending 
secondary' gustatory tracts, it runs in the same course as the 
efferent fibers of the brachium conjuncti^mm, and is not alwaj's 
distinguishable from them. 

Comparison. The comparative sizes attained by this tract is 
shown by inspection of figures 4 and 5 (Gadus), figure 10 (Arius), 
and figure 12 (Plcuroncctes). It is readily seen that the tract is 
largest in Arius, and relatively small in Gadus and Pleuronectes. 
The function of this tract is problematical, but from the known 
connections of the lobi inferiores hj^iothalami certain suggestions 
may be ofTered. The relation between the ventral h3T5othalamic 
region and gustatory pathways was pointed out by Herrick (^05), 
This is effected through the tractus gustatorius tertius, which 
runs from the superior sccondarj' gustatorj^ nucleus to end in 
the lobi inferiores. Also there are olfactory connections, for 
Sheldon (^12) found that olfactorj^ impulses were carried by 
neurones of the third order to the diffuse cellular area of the caudal 
part of the lobi inferiores. Both the sense of taste and of smell 
arc of importance in connection with the feeding habits of fishes, 
and Kappers (’21, p. S27) concludes that the ventral thalamus 
and hj'pothalamus represent a correlation area for impulses 
wliich have to do with the feeding of the animal. From these 
considerations, it appears possible that the tractus lobo-cerc- 
bcllaris may transmit reflexes from the gustatory and olfactoiy^ 
sj'stems to the cerebellum. In the three fonns here studied, 
the gustatory sj'stcni is especially well developed in Arius, and 
the greater development of the tractus lobo-cercbellaris, wliich 
we find in this animal, may well be connectctl with the greater 
development of the gustatory system. 

Tractus s]}iuo- cl olivo-ccrchcllaris 

Gadus. Origin. From the inferior olivarj" nuclei and the 
spinal cord. 

The tract is seen ns a small flattened bundle lying at the margin 
of the medulla in figure 8. just lateral to the abccnding sccondarj' 
gustatory tract. It continues cephalad, slowly rising dorsally 
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Tractus lateraU-cerebellaris 

Gadus. Origin. From the medulla, from the entering fibers 
of the nervus lateralis. 

Some of the dorsalmost fibers of the anterior lateralis nerve, 
as soon as they enter the medulla, turn cephalad, occupying a 
position between the lower margin of the eminentia granularis 
and the entering root of the sensory Vllth nerve. At first they 
are grouped into one bundle, but soon they enter the eminentia 
granularis, and there they separate into 4 to 5 or even more 
small rounded funiculi (fig. 7). After traversing the entire 
length of the eminentia granularis (fig. 6), they turn mesially into 
the most cephalic portion of the cerebellum (fig. 5). 

Here they soon cross the midline, some of the funiculi passing 
tlirough the valvula and some through the most cephalic portion 
of the corpus cerebelli (fig. 4). 

The fibers which have just been described comprise, however, 
but a small part of the ascending lateralis fibers. The greater 
number end in the eminentia granularis. 

Tello (T9), in larval forms of carp, was able to follow ascending 
lateralis fibers into the pars postrema of the cerebellum*, and to 
see their decussation there. In Gadus, however, they seem to 
run even more cephalad and to terminate in the vahnila cerebelli. 
This establishes a direct relation between the development of 
the valvula and the lateral nerve system. Van der Sprenkel 
(^15) , from his observations onMormyrus, deduces that the h^^Der- 
trophy of the valvula cerebelli in that form depends on the great 
size of the lateralis nerves and their secondary and tertiary 
connections. 

Arius and Pleiironectes. Some of the entering fibers of the 
anterior nervi laterales can be traced directly into the eminentia 
granularis, running cephalad. These, however, soon become 
commingled with other elements there so that one is not able 
to follow them far with certainty. 

Comparison. The course of the lateralis fibers to the vahmla 
cerebelli in Gadus is interesting as tending to show that the 
valvula may be regarded as a continuation of the primitive basal 
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patt of the cerebellum In Pctioinyzon the ner\us lateralis 
anterior sends a bundle into the cerebellum, as ^^cll as the ncr\TJS 
latciahs posteiior These connections of the lateral line ner\es 
and of the \estibular nerves arc legardcd as the most primitue 
ones to the cerebellum Also m IMcgalops as sho^^n van der 
Horst (fig 352, Kappeis, ’21) the \ahula is shown to be mor- 
phologically continuous with the concrcsccntia loboium lateral- 
lum Consequently in Gadus w e apparentlj also ha\ e a primitu e 
basal pait extending from behind to the \alMila, which retains 
its lateralis connections 

Traclm icstibnlo-m cheUari’i 

Origin From the entenng fibeis of the dorsal root of the 
vestibular nei \ c (Gadus, fig S) 

One bundle of the dor^jal loot di\ides into ascending and 
descending fibers The ascending fibcis may be followed foi a 
short distance in the lateral region of the mcdulh, beneath the 
crista ccrcbellaris Some of them maj be followed as far as the 
cmmentia granulans, where most of them probablj end In 
mjelm preparations, howc\cr, I was unable to follow any into 
the corjms cerebelh itself Ihc connections of the other parts 
of the \ostibular ncr\cb are dcsciibod m Kappcib’ Vcrgleichende 
Anatomic (p 385 ct seq ) 

In Arms and Plcuroncctes the tract maj be followed as m 
Gadus, partly as far as the cminentiac granularcs, hut not into 
the ccicbclhim proper 

Tracim cerchcUo'7twinmts, mchtding brachnnn co7}juiictitu7n 
a7Ucn7i*< 

Gadu^ Oiigiu Prom the cortex of the cercbelluin, probablj 
from the Purkinjc cells 

V tjpical course is ^cen m figure 0 The fibers collect into 
bundles which pa‘'S mcdiallj of I fic antciior mcscnccphalo- 
ccrcbcll ir tracts These bundles p i'- dow nw^rds and outwards to 
ciir\ e around the corner of the \ entnclc The\ then turn inwards 
and cross m the mulhne, passing in close relation to the fasc iculus 
longitudinahs mcdiahs 3 he fibers after crossing run in the 

Tiir /oi-iiSAi r K vrx K tof'r tou K no t 
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long direction of the brain stem, the anterior ones running 
cephalad (brachium conjunctivum anterius) and the posterior 
ones running caudad (tractus cerebello-motorius proper). 

Practically all of the fibers leave the cerebellum caudad of the 
commissura veli and the commissure of the nuclei of the secondary 
gustatory tracts. The most cephalic fibers, on leaving the 
cerebellum, curve forwards beneath the commissure and con- 
stitute the anterior part of the tract (= br, conj. a7iL), The 
fibers of this part of the tract are seen to continue to cross as 
far forwards as the caudal part of the commissura ansulata 
(fig. 4). The crossing is usually beneath the fasciculus longi« 
tudinalis medialis (figs. 4 and 5), As the fibers of the lobo- 
cerebellar tract bend around the caudal side of the commissure 
of the nuclei of the secondary gustatory tracts they come into 
close relation with the most cephalic fibers of the brachium con- 
junctivum anterius. 

The remainder of the fibers, on leaving the cerebellum, bend 
caudally to form the tractus cerebellormotorius proper. The^^ 
pass around the corner of the ventricle as shown in figure 6, and 
run towards the midline where they cross, usually above fasciculus 
longitudinalis medialis (fig. 7). 

Arius, Origin. From cortex of cerebellum in two parts: 
I) cephalad of the commissure of the nuclei of the secondarj^ 
gustatory tracts; II) caudad of this commissure. 

I. The part cephalad to the nuclei of the secondary gustatory 
tracts and the commissure connecting them is the brachium 
conjuncti^mm anterius. This arises mostl}'' from the valvula 
cerebelli (fig. 358, Kappers, ^21, p. 671). The fibers leave the 
valvula close to the midline above the ventricle. They pass 
downwards around the corner of the ventricle, and then inwards 
to cross beneath the fasciculus longitudinalis medialis (fig. 358, 
Kappers, ’21, and figs. 10 and 9). They then continue cephalad 
immediatel}’’ under the fasciculus longitudinalis medialis. The 
most anterior fibers, after crossing, take a different course, as 
shown in figure 9, and run forwards to end in the neighborhood 
of the torus semicircularis. In this figure it is also seen that the 
most anterior crossing reaches the level of the commissura an- 
sulata. 
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IL The caudal division runs caudad of the commissure of the 
nuclei of the secondary gustatory tracts. This arises in the 
corpus ccrebelli and emerges between the nuclei of the secondary 
gustatory tracts and the dorsal side of the ventricle. It turns 
laterally beneath the nuclei of the secondary gustatory tracts 
(fig. 11). Then it changes its course abruptly to run medially 
and crosses the midline, usually above the fasciculus longitudinalis 
mcdialis (fig. 11). This crossing is continued as far caudally 
as the cephalic end of the decussation of the tractus octavo- 
mesenccphalicus. 

Plcuroncclcs. Origin. From the region between the granule 
and molecular layer of the cerebellum, and quite likel}’ from the 
Purkinje cells. 

The general course is well shown in figure 13, being somewhat 
lyre-shaped. The fibers collect into small bundles which curve 
at first downwards and laterally, passing to the inner side of the 
mesenccphalo-ccrebellar tracts. After reaching a lateral position, 
they chatigc their direction abruptly, by turning inwards toward 
the midlinc and crossing. The crossing fibers in part pass 
through the fasciculus longitudinalis mcdialis, in i)art below it. 
The origin from the cerebellum is a relatively long one, and con- 
tinues through many sections. Cephalad, the decussation is seen 
as far forwards as the commissura ansulata. The commi'^sure 
of the secondary gustatory nuclei is situated at about the middle 
of the origin of this tract. 

Compari.son. The general course of the fibers of this tract is 
shown for Gadus in figure G, for Plcuroncctcs in figure 13, and 
for Arius in figures 9, 10, and 11. 

In Arius, the anterior part (brachiiim conjuncti\nnn anterius) 
is cspeciall 3 " well developed and arisen in great part from the 
val villa cerebclli. This anterior part in Arius emerge^ from the 
cerebellum cephalad of the commissure of tlic nuclei of the 
secondarj* gustatory’ tracts. In Gadus, on the contrary', the 
entire tract emerges caudad to the commissure. Tlic fibers in 
Gadus which bend eci»halad constitute the braehium conjunc- 
tivum anterius, vhilc the remaining fibers form the tractus 
ccrebello-motorius jiroper. In PIcuronocte.s, the arrangement is 
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again different, inasmuch as while llie antoi^ior part of tlic tract 
emerges cephalad of the commissure, tlie oi*igin of tlicsc fibers is 
in great part from the coipus cercbelli, and in only a .flight degree 
from the valvula. 

DISCUSSION OF OnSIUIVATIONS 

The observation that, in Gadus, the coarse-fibered lateralis root- 
fibers may be followed through the eminentia granularis into the 
valvula cerebelli is of interest in connection with the phylogen^^ 
of the cerebellum as a whole and of the valvula cerebelli especially. 
The lateralis and vestibular connections of the cerebellum are 
regarded as its earliest afferent components. Indeed, in the low 
vertebrate group, the cyclostomes, the cerebellum is principall}^ 
a lateralis- vestibular organ. In Petromj^zon, a representative of 
this group, the cerebellum is of a simjfie form, and there the udiole 
of the small cerebellar plate receives lateralis root-fibers. Using 
the course of the lateralis root-fibers as a criterion, it would 
follow that the valvula cerebelli in Gadus, as well as in other 
teleosts, is a portion of the primitive cerebellum, which has 
retained this early connection. 

This observation may also be linked up with those of Ingvar 
(U8), working on the mammalian cerebellum. He was able to 
trace the course of vestibular fibers, by degeneration methods, 
into the lingula frontally and into the uvula and nodulus, as\well 
as the flocculus, caudally. Now, in aquatic forms, where the 
lateralis and vestibular nerves are both present, they are closel}^ 
related in their central connections, and are equally to be re- 
garded as early components of the cerebellum. Therefore, 
Ingvar draws the conclusion from his findings that these above- 
enumerated portions of the cerebellum represent the oldest part 
of the mammalian organ. The remaining parts of the cerebellum 
which do not receive vestibular fibers are regarded by him as a 
later addition, superimposed upon the more primitive basal part. 
. The greater part of this more recent addition to the cerebellum 
(all except the lobus medius) receives spinal and olivary fibers. 
Similarl}^, in the teleosts, the spinal fibers were not found running 
into the valvula, but into the corpus cerebelli, although in Weigert 
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mjehn preparations it could not be made out '\\hcthcr they ran 
chiefly to the dorsal portion of it But it ^\ouId seem clear that 
the ^aUula by icason of its lateralis connections and lack of 
spinal connections is one of the pnmitu e parts of the telcostcan 
cerebellum 

Substantiation of tins idea is afforded also by the findings of 
van del Horst In his studj of the teleost, Megalops c^Tinnoides, 
he found a direct morphological continuitj' between the lobi 
laterales (which arc here fused to foim a concrescentia loborum 
lateralium) and the much-folded ^alvula Inspection of figure 
352 (Kappers, ’21) shows this relationship \er 3 clearly, and em- 
phasizes the point that the \alvula is clearly connected with the 
basal part of the cerebellum 

V companion of the afferent cerebellar tracts m teleosts witli 
those in mammals shows that the ceicbcllum reccu cs its afferent 
impulses from more sources m the foirncr than m the latter 
While m mammals the impulses arc principally of a proprio- 
ceptue nature, m the teleosts the impulses come also from 
\isual, lateial line and tactile centers, and possibly from gustatory 
and olfactory regions Hence the construction of the cerebellum 
IS very different in the tw o groups 

^^^len we compare the cercbekopetal tracts m se\eral selected 
species of teleosts, we find that while similar tracts are present in 
each, there are considerable differences in the si7c of any one 
tract in the thicc species So that c\en within this group of 
teleosts, the cerebellum has not the same identical stnicture 
throughout the entire group Since m the fishes the afferent 
tracts arc connected with extcroccptno as well as propnoceptne 
«eiise-organs, it w oiild appear that the cerebellum in fishes func- 
tions partly through its reflex connections with oxterinl ‘^ense- 
organs 

It follows from this that the cerebellum in its phylogenetic 
de\cU)pmcnt has lost its connections with e\terocepti\e sense- 
organs, and may be regarded as haMiig retro it ed and become a 
more internal organ. 

The differences m cerebellar structure within the teleosts are 
w ell illustrated by the three specie^ w hich w c ha\ c described In 
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Gadus, the most distinct and largest tract is the anterior mesen- 
cephalo-cerebellar tract, which mediates visual reflexes. The 
size of this accords with the fact that Gadus has large eyes and a 
well-developed visual system. Hence it follows that Gadus is 
more dependent for the carrying out of its cerebellar functions 
on this tract than is either Arius or Pleuronectes. 

Of the six afferent tracts, Arius has two, or possibl}^ three, 
which are better developed than the corresponding ones of Gadus 
and Pleuronectes. These two are the posterior mesencephalo- 
cerebellar and the lobo-cerebellar tracts. The first is connected 
with secondary centers of the lateral line sj^stem, which is well 
developed in Siluroids. The second is connected with higher 
centers of both gustatory and olfactory systems, and it is the 
gustatory system which is especially prominent in Arius. From 
a consideration of these facts, it follows that cerebellar functions 
in Arius is greatly dependent upon these two tracts, connected 
with the highly developed sense-organs of taste and of the lateral 
line S3^stem. 

In Arius there is also a third tract well developed, — the ventral 
spinal division of the tractus spino- et olivo-cerebellaris. It ap- 
pears to be better developed than in the other two forms, and if 
so, the cerebellar function in Arius must also depend to a cor- 
respondingly great degree on impulses arising in the skin and 
muscles of the body. 

In Pleuronectes, there is a medium development of all the 
tracts, with the exception of the dorsal division of the spino- 
cerebellar tract, which is much more emphasized than in the other 
two forms. In this fish, eyes, taste-organs, lateral-line s^’^stem 
and vestibular system are of moderate proportions. 

While the activities of an animal are necessarilj^ dependent upon 
the functioning of all the cerebellar tracts, these activities are 
generally regarded as being more dependent upon those tracts 
which are larger. 
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SUMMARY 

1 Comparisons ha\e been made bct'ween four of the «?i\ 
afferent cerebellar tracts, as to the size attained b> each m the 
brains of the three fis]ies studied The anterior me'^encephalo- 
ccrebcllai tract is largest in Gadus The posterior mesencephalo- 
cerebellar, the lobo-ccrcbellar and pO'>sibl\ the \cntral spinal 
diMsion of the spino-ccrebellar tract are largest in Anus The 
dorsal dnision of the spmo-cercbel!ar tract is largest in Plcuro- 
nectes 

2 Vn explanation of these morphologic differences in tenn*^ of 
function has been attempted Tunctionallj , the antenoi mesen- 
eeplialo-cerebcllar tract, ^^hlch is largest in Gadus is connected 
with the Msual appaiatus, \\hich is aKo laigcst in Gadus 1 here 
IS good e\ idencc for the view that the posterior mcscncephalo- 
cerebellar tract (largest in Vnu*’) is connected ith the lateral-line 
system, and this ucll dc\ eloped m the group of Siluroids, to 
which Vrius belongs The lobo-ccrebcllar tract (largest in 
\rius) arises in the neighborhood of higher centers of both the 
gustAtor> and olfacton sterna, and it is in Vnu'^ that the gus- 
tatory sjstem IS most highh dc^ eloped The \entral spinal 
di\ ision of the spmo-ccrcbcUar tract tiansmits reflexes principally 
of a protopathic character, which ha\ c originated m the inter- 
muscular septa and skin of the body This tract <:ccms to be 
better dc\ eloped m Vriiis than m Gadus, but the comxian‘*on I'j 
not cas\ to make The dorsal «ipinal diMsion of the spino- 
cerebellar tract IS more cmpha'^ized m PIcuroncctcs, and this is 
to be connected with the modification of some of the anterior 
^in-ra^s into ‘feelers’ One ma\ thus correlate more or less 
definitely , the mzc of sc\ oral of the afferent cerebellar tracts with 
the S 17 C of the receptors fiom which lhe> indirectly transmit 
iminilses to the cciohellum 

3 "1 he cerebellum of fishes is \ cry differont in its afferent con- 
nections from that of mammals \\ hilc m mammals the cere- 
bellar impulses arc principally of a propnoceptuo nature, m 
telcosts tlic impubc'' come aKo from M’-ual, lateral-lmc and 
tactile centers, and pos-ibly from gustatory and olfactorc regions 
It follows that the ccrehellmn in its plnlogcnctic dc\tlopment 
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has lost its connection with external sense-organs, and has become 
a more internal organ, 

4. The valvula cerebelli in Gadus is shown to receive fibers of 
the tractus laterali-cerebellaris. As the lateral-line nerves and 
the vestibular nerves are the earliest afferent constituents of the 
cerebellum, we have here evidence that the valvula is to be 
regarded as a prolongation forward of the primitive basal part of 
the corpus cerebelli. 
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Figure 6 represents a cross-section of the brain of Gaclus morrhna, through the 
cephalic part of the corpus cerebelli, and shows well the lyre-shaped course of the 
tractus ccrebello-motorius (Zr» ccr. moL). In the corpus cerebelli, the posterior 
mesencephalo-cerebellar tracts {ir. vies. ccr. post.) have alreadj^ begun to cross in 
the midline. The anterior mesencephalo-cerebellar tracts (tr, mcs. ccr. an(,) con- 
tinue as large distinct bundles, and between them run the efferent fibers of the tractus 
cerebello-motorius (ir. ccr. 7 not.). In the eminentia granularis (cmin. oran.)j shown 
on the right side of the figure, is seen a series of small bundles of the tractus laterali- 
cerebellaris (tr. lot. ccr.) passing cephalnd to the vnlvula cerebelli- X 10. 
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I'lsurc 7 rcjirc^cnts a crok'^-^cetion of tho bmtn of Gadus morrhm, tlmjtmh the 
corpus corcbclli Tlic tr^ctus spmo- ct olncvcercbclhn** (<r ?;» + 0 / err \ !•» seen 
curvini; upwards to cntir the cerebellum Through the ennnentn pranul ins (rwiin. 
pron ), as «hown on each side of the fiRuro, run siinll mr\c bundles of the tnetus 
1 Iter ih-ccrcbelhna (/r. lal rcr ) Ilclow the ^ cntncle a thuk bun<ll(‘, fonninj; part 
of the decussxtion of the trnclus rcrebcllo-rnotoniis (drrii^s err viof ) Here, the 
fasciculus lonpitudin dis tneilnhs hr>i scntrul of the decussation The section is 
throucb the most jmstcrior cxtrcmitj of the tectum opticum (<<c opt ) X 10 
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INTItODLClION 

During tlio post tlircc dcc^ulcs nn c\tcnsi\ o Iiter'itiirc liqs been 
written concerning the iron-rcqctmg subst'inccs in colls of plants 
and animals of \ irious species, wherein not onlj its presence, 
but also its location, both intracellular and c\trai.cllular, its 
assimilation, its pli> biological r 61 c, and its olmunation from the 
cells ha^c been considered In general, iromcontaming material 
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2 . Axone reaction 

"V^Tien the axones of nerve cells are iniured there are certain 
changes in the structiu’al elements of the cell’s cytoplasm which 
are commonl}'' referred to as ‘the axone reaction.’ These changes 
have been studied in connection with a variety of methods of 
injury such as cutting, tearing, or compressing the nerve, poison- 
ing it with toxins, stimulating it electrically or chemically, etc. 
They have also been studied in infections, inflammations and 
asphjrxia of the nerves. In recent years fatiguing the cells has 
been a much used method. In all these conditions the axone 
reactions are similar. The differences are due to variability in 
degree of injury and time allowed for the reaction, as well as to 
complications associated with them. 

In the past the study of axone reactions has been confined 
to the morphologic changes in the cjdoplasm, nucleus, nu- 
cleolus, Nissl bodies and the canalicular apparatus. In the 
main the reactions to injury resulted in shrinkage of the cjdo- 
plasm, chromatol3’’sis of the Nissl substance, distortion of the 
nucleus followed by excentricity of the same, change in volume 
of the nucleolus and fragmentation of the canalicular apparatus. 
The first and most complete changes have been described as 
occmring in the cytoplasm nearest the axone hillock where the 
Nissl bodies become dispersed and then disappear in a progressive 
manner from the nucleus toward the periphery and in a manner 
parallel with the degree of injury. TiTien the cell does not de- 
generate completely as a result of the injury, the Nissl substance 
is eventually replaced around the nucleus by an accumulation 
of the material which is gradually reformed into normal Nissl 
bodies. 

These morphologic changes show, in the last anal3"sis, nothing 
other than that the staining reactions of the cells are changed. 
This may be interpreted to mean that the Nissl substance which 
is a nucleoprotein, possibly containing some carbohydrates and 
fats in the molecule, is necessary to the cell’s metabolic equilib- 
rium. When that equihbrium is disturbed bj’- injmy to the 
ceU. or its components, these complex molecules may become 
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depleted Nothing is kno\\ii about the chonucil changes It 
remains to bo seen from this m\ estigation that the study of the 
iron of these molecules lends c\ Klcnce to a chemical change m the 
phenomenon 

or THE LITERATimi. 

Though the literature on the study of the iron-reacting proteins 
in plant and animal tissues is extensu c, the greater poition of it is 
devoted to the study of these iron-contaming substances m tissues 
such as blood and egg yolk, organs like the testes, thjTnus, pan- 
creas and spleen, cells of the lucr, carcinoma and bacteria, bio- 
chemical materials like casein, ^atclhnlc acid and nucleins, rather 
than to the iion-holdmg materials m riciae cells In addition 
to the abo\e, the feeding of organic or inorganic iron-contammg 
materials has been studied vith the object m ^ iciv of finding out 
%\herc and in what tissues they vcrc deposited In this ro\aei\, 
hovc\cr, attention will be given onlj^ to the development of the 
methods used for the detection of iron and to the iron-holding 
proteins as these hav e been observ cd m nerv c cells or nerve tis',ue 

As earlj as 1S45, Vogel (Zalcski, ^01) used the ammonium 
sulphide method m demonstrating iron m organs Quincke 
(^90) ‘^ays that m ISoO Mayer first used this method to demon- 
strafe iron in flic intestinal naJJ, and, that lie IninseJf at first 
used the ammonium sulphide and the potassium ferrocjanide 
plus IICI methods in Ins tests for iron m tissues Peris ('07) 
repeated thchC methods and Bunge ('84) show ed that ammonium 
Bulplude unmasked organically bound iron, for vs Inch purpose 
he later cmplojed a nu\tiuo of 90 cc of 90 per c( nt alcohol and 
10 ce of 25 per cent llCl — better known as Bunge’s fluid A 
marked reaction for iron was then obtainable 

V new impetus in the study of iron was started when Zaleski 
(*80) used aminomum suliihidc plus gl>ccrmc and pota‘?sium 
ferroevamde plus IICI for the demonstration of inorganic iron 
in the liver. The ammomum sulphide and potassium ferroeva- 
nide methods were al«o used by Maealhim (’01) m studving 
orgamcallv bound iron m the ov arj of Erj (hronmm amcrioanum 
He showevl that ammomum sulphide separated iron from the 
isolatevl chromatin, and ho also cinploved suljihmie aeid instead 
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were placed for from 1 to 4 days in 4 parts of sulphuric acid and 
100 parts absolute alcohol at 25°C. for the purpose of liberating 
the iron from the proteins. They were then washed in absolute 
alcohol and placed in equal parts of 0.5 per cent HCl and 1.5 
per cent potassium ferrocyanide for half an hour, in which the 
Prussian blue reaction took place with the liberated iron. 

Molisch (T3) showed that iron could be precipitated as a 
ferri-ferrocyanide (Berlin blue) by the addition of the basic salts 
from blood to a solution of ferrocyanide of potassium in the 
presence of 5 per cent HCL He also used other methods such as 
with Rhodankalium, ammonium sulphide, etc. The same 
methods were used by IMolisch for the demonstration of organic- 
ally bound iron which had been unmasked previously vdth an 
acid alcohol. 

After using all the methods for the microchemical detection of 
organically bound iron Jvlooxe (H4) found that the Macallum 
hematoxylin method surpasses all others in reliability and 
delicacy of reaction. When employing this method for organic- 
ally bound iron one must be exceedingly careful that no inorganic 
iron is present. In order to use the method most effectively, 
it is necessary to avoid all traces of alkali and acid, since these 
interfere with the delicacy of the reaction. 

Still later Mawas (T9) described a newer method for coloration 
of iron in tissues in which he used alizerin monosulphonate of 
sodium. He says that the ammonium sulphocyanide and the 
ammordum sulphide methods are inconstant in their reactions 
and cannot be relied upon on account of the solubility of the iron 
compound formed. The Prussian blue method is accurate and 
dependable because the iron compound obtained is insoluble. 
In describing the hematoxylin method he says that it is reliable 
and gives the most intense color reaction of all. 

So far as I have been able to find Mackenzie C97) was the first 
to report the presence of organically bound iron in nerve cells. 
Mackenzie said that the Nissl granulations in nerve cells are 
distinctly iron-holding, and consequently related to the iron- 
holding chromatins of the nucleus. In pathologic cells from 
rabbits which had been inoculated with rabies \drus, it was found 
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that as long as basophilic granulations 'iv ere present in the cell, 
iron-holding material was al«?o picsont In cortical motor cells 
from a rabic animal, it was found that ox^'philic granules appeared 
in the places where the Nissl gianulations had been, but that 
these oNj^philic granules were but slightly iron-holdmg The 
author s that it seemed probable that there w as a con\ cr- 
Sion of the iron-holding basophilic granules into o\J^lInllc granules 
containing ^ery little iron In his report the following 3 ear 
Ivlaclvcn/ie (Macallum, TS) merely made reference to the presence 
of iron-rcacting proteins in nerv c cells 
Weber (TS-’OO) added to the information already at band when 
he found iron-contamnig substances in the ganglionic nerve cells 
from a bo\ w ho had died from meningitis 

In repeating Macallum’s method on the ncr\ e cells, Scott (’99) 
said that besides the Nissl substance, the co\ enng of the nucleolus 
and the oxjTihihc nuclear chromatin also contain iron According 
to him the germinal cells of the ner\ous system m 7 mm to 18 
mm pig cmbr>os show that all the iron-holding material is con- 
fined to the chromatin of the nucleus, but that m later stages the 
basophilic iron-holding chromatin goes into the cytoplasm while 
the oxnihihc iron-contammg material stajs in the nucleus 
7 he fact that alkalies and acids affect the hTissI bodies so that 
no iron reaction is obtainable in them while the oxj'jihihc granules 
in the nucleus remain unharmed, as shown bj Scott (’99), in- 
dicates that those st met urcs— though thej both contain iron — arc 
chemically different The iron-conlaimng Nissl «^ubstanccs arc 
soluble w bile the iron-contaming oxy^philic nuclear materials arc 
insoluble m alkali In the embryo Scott found that the nuclei 
of nerve cells arc much richer in the chromatin material which 
stams with basic dyes than after the Nissl bodies have become 
differentiated lie fbund, by' use of the microchcmical Prussian 
blue method, striking ]nct tires indicating a transfer of iron-con- 
tainmg material from the nucleus into the cytoplasm during tins 
stage of difTcrcntiation Such a transfer has been assumed m 
V arious div iding cells on the basis of ordinary histological prepara- 
tions Scott remains the only one w ho has used a microchcmical 
method on ncur jlilasts The iron-contaimng nuclein compounds 
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are derived from preexisting ones, which; in the mitosis of cells, 
become confined entirely to the nuclear chromatin. 

It was observed by McCarthy (’00) that in the ganglion cells 
near small hemorrhages there was obtained a marked reaction 
for iron. It appears from this work that the iron must have 
been inorganic in nature, because none was unmasked from the 
cell cytoplasm. Later McCarthy (’07~’08) studied the nerve 
cells in the neighborhood of hemorrhages in the spinal cord and 
found that the cells absorbed the non from the hemosiderin or 
else the hemosiderin itself, because he was able to show the iron 
of the hemosiderin in the cells and tissues. 

Guizzetti (’15) demonstrated iron-containing materials in the 
cells of putamen, globus pallidus, substantia nigra and other 
parts of the central nervous system. 

MATERIAL, METHODS AND TECHNIQUE 

This study was not undertaken without realizing the obstacles 
that would have to be met. The animals used would have to 
be of a species conveniently housed, easily handled, easil 3 ^ kept 
in good health, easily operated upon and in which infection could 
be relatively easilj^ avoided. For study of the changes in dis- 
tribution of the hon-holding proteins in nerve cells after axone 
injury animals would have to be of a kind in which the span of 
life is relativelj^ short, in which good nerve injury reaction could 
be obtained and in which the nerve tissue could be easib’^ re- 
moved when the animal is sacrificed. In order to prevent 
artefact changes which are produced so easily in nerve cells, the 
technique had to be developed in operation upon the animal, 
procuring the tissue after death, proper fixation, dehjTlration, 
clearing, embedding, sectioning and applying the methods for 
the demonstration of the iron, etc. The technique in all these 
stages was tried repeatedly in the emplo^mient of various methods 
and many modifications of them. 

Common white rats, Mus norvegicus albinus, were used in these 
experiments. These were purchased from breeders, from whom 
a history of the animals was obtained. Thej’' Avere jmung adults, 
of either sex, normal and weighing about 175 grams each. During 
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the time of the ox])erinicnt tlicy were kept in a suitable animal 
room and fed with appropriate foods to maintain weight and 
prevent deficiency diseases. From day to day they were handled 
so that thej" could be brought to the operation without being 
frightened. 

W^ien ready for operation the rat was etherized to complete 
relaxation, after which it was prepared for operation. This was 
carried out ascptically in cver 3 " stage and, out of more than 200 
such operations, infection was encountered but twice. 

After the h 37 )oglospal nerve had been exposed carefulh’, it was 
freed from its surrounding connective tissue Avith precaution so 
as not to cause traction on the axones. When freed in this 
manner a ligature was careful^' placed around the nerve and the 
tying was done cqiiallj' carefullj". In the ease of tearing the 
axones the nerve was freed in the manner described above, after 
which it was torn from its dce])er moorings. In each animal 
studied the nerve Avas ligated at a point midwaj’ betAvecii the 
point of exit of the nerve from the skull and the attachment of 
the posterior bellj' of the digastric muscle to the hj^oid bone. 

Within a Aveck the Avound was healed and in from 10 to 14 da^'s 
the stitches were absorbed. The animal Avas kept under normal 
conditions until the desired time for nerve cell reaction had 
cxiiircd. 

When the time allowed for axone reaction had jjassed the 
animal was killed hy etherization, folloAvcd b\" free bleeding from 
the carotids and jugulars to drain the blood from the tissues so 
that finer dissection could ho made. 

The nucleus of the h.Aqioglossal nerve Avas selected for stud^' 
because of the rclatiA’oh’ easj" access to tlio nerve for operation, 
because it is almost a pure motor nerve so that sensory phe- 
nomena could be eliminated, because ojicrations upon thi.s ncrA'c 
result in no ill cfTccts to the animal and because avo knoAV just 
what structures the nerve su])])lies. For the latter reason the 
atroi)luc changes in the organs sujiplied can also be stiulicd. In 
the rat the hjqioglossal nerve lie.s parallel Avith, and lateral and 
deep to, the posterior belly of the digastric muscle. Other 
reasons for selecting this nerve arc that, A\hcn the animal has 
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been killed, the medulla can be readily and quickly removed 
without injury to the nuclei, that the medullary tissue is one that 
is easily penetrable by fixatives and that the hypoglossal nerve 
can again be dissected out and prepared for the study of changes 
in it. Lastly, but for reasons perhaps more important than the 
foregoing, the medulla can be easily oriented in the embedding 
process so that the cells can be sectioned parallel with the stream 
of axones, thereby cutting thi’ough the axone hillock in many of 
the cells. The hypoglossal nuclei can be located vdthout dif- 
ficulty, the normal and experimental sides can be fixed alike, 
sectioned with the same sweep of the knife, stained alike and 
studied side by side in the same preparation. 

1. Specific iechniqiie usedjov deviondration of iron-containing 

substance 

Care was exercised to be certain that the glassware, alcohols, 
sulphuric acid, etc., were free from inorganic iron. 

In the study of the distribution of the iron-reacting substances 
in the nerve cells the hematoxylin method devised b}^ Macallum 
(^97-98) was employed. Results with it were verified, however, 
with those obtained with the Prussian blue method. 

Although fixation in 70 per cent alcohol was employed by 
Macallum, it was found that fixation in 95 per cent alcohol, 
suggested by Bensley, was just as good, but by varjdng the time 
of fixation it was found that better results were obtainable after 
forty-eight hours’ fixation than by a shorter time. The medulla 
of the rat being about 6 mm. in width at the level of the nucleus 
hypoglossi, it became necessary to procure the piece of medulla 
containing the nucleus, so as not to be too thick for fixation. 
This was readily accomphshed when it was found that the greatest 
extent of the two nuclei was less than 2 nun. Therefore, a piece 
of the medulla containing the nuclei, but about 2 mm. in thick- 
ness, was cut out. 

Thorough dehydration was effected with absolute alcohol in 
from 2 to 5 hours, after which the tissue was cleared in cedarwood 
oil until transparent. After two changes in paraffine and em- 
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bedding, sections wore rut not more tlian 7 yi in thickness. They 
were then mounted on slides, dcparafRnizcKl and passed throiigli 
alcohols to a solution of 4 volumes of pure sulphuric acid and 06 
volumes of 05 per cent alcohol kept at 60°C. for from 5 to GO 
minutes. Better results were obtained at this temperature for 
the shorter time than at ^7°C. for the longer ])eriod as Macallum 
did. After the iron had been liberated from the proteins by the 
acid alcohol the specimens were washed in 05 per rent alcohol and 
passed through graded alcohols to water, preparatory to tlic 
microchemical reaction. For this, freshly preparcil aqueous 
hematoxylin was applied for from 1 to 5 minutes in which 
lime the blue-black iron-hcinatoxylinate reaction takes ])lacc. 
The hematoxylin must be of excellent quality, it must be freshlj" 
prepared and unoxidized and the solution must be pale yellow 
in color. Such a solution docs not stain chromatin which has 
not been treated with the acid alcohol. It is true that this 
solution will give a similar reaction with inorganic iron, but such 
iron is not present in nerve cells when the proper precautions 
have been carried out. Counterstaining with a dilute alcoholic 
solution of erythrosin was made as a contrast against the blue- 
black iron granules. Dehydrating, clearing and mounting in 
neutral cedarwood oil was then done to procure permanent 
specimens. 

In each ligation experiment the nonnal side of the nucleus 
lij'poglossi was compared with the injured side as regards dis- 
tribution of the iron-containing j)roteius, and t> 7 )ical cc'lls of 
both sides drawn. Likewise Nissl preparations v ere compared 
with iron preparations, and control siiccimciis in wliich the iron 
Imd not been unmasked gave negative results. 

The sections selected for most careful study were taken ap- 
proximately midway between the upper and lower (spinal) ends 
of the hjqioglossal nucleus. Except for an occasional cell toward 
the dorsiil or medial side of the nucleus (which were uiualTectwl), 
all the cells in any one operated s])ccimeu were in practic:dly 
the same jdiasc of degeneration or regeneration, as the cn'*e 
nifght be. From these cells tho^e were selected for tlrawing in 
which the plane of section passes through both the axon hillock 
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and the nncleolns. Many more cells were drawn than those 
presented in the plates, and of these those were selected for pub- 
lication which are most t^Tiical of the designated days of reaction. 
As the figures show, there is some variation from a uniform 
sequence of changes from day to day, probably due to differences 
in age, size and susceptibility of the rats employed (in spite of 
careful control of these matters) or to minute differences in 
distance of point of ligation of the nerve from the hypoglossal 
nucleus. But these deviations from a uniformly progressive 
series of changes are relatively slight. Degenerative changes 
progress with great regularity during the first fifteen days of 
reaction to' axon injury, after which further degeneration (in 
cases w^here axons were torn out) or regenerative changes (in the 
case of ligated axons) follow also in regular sequence. 

8. The iron reactioii 

The microchemical reaction for iron in the protein molecule 
of chromatin is one in which there is an unmasking of the iron 
from the proteins by acid alcohol and a chemical reaction between 
the ammonium sulphide, potassium ferrocyanide or hematoxylin 
(as the case may be) and the iron which produces a colored 
compound visible under the microscope. With ammonium 
sulphide the color is black, with potassium ferrocyanide it is 
blue, and with hematoxylin it is blue-black. 

These methods have been improved upon from time to time 
until, at present, it seems to be the consensus of opinion that 
iron can be demonstrated unquestionably b^^^ experienced tech- 
nicians — ^whether the iron is organic or inorganic. Inorganic iron 
may be demonstrated without any preliminary’’ treatment, but 
in order to demonstrate organically bound iron the chromatin 
material must first be subjected to acid-alcohol as described, in 
order to unmask the iron from the nuclein or nucleinic acid. 
When it is so unmasked it is liberated in a form not unlike in- 
organic iron. In other wmrds, it is ionized. 

In such microchemical methods the color reaction is due to a 
purely chemical reaction between a chemical on the one hand 
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and the tissue element on the other. A prerequisite for such a 
reaction is that the tissue element must bo so fixed that its chem- 
ical properties are preserved. Examples of such reactions are 
the Prussian blue reaction for iron, the million reaction for 
proteins containing the monohydroxy-benzene nucleus, the 
iodin reaction for starch and the blue-black reaction between 
iron and unoxidized hematoxylin. !Micro chemical reactions 
indicate the exact quantity and location of the material sought 
and in the exact place where it is in the freslil}' fixed cell plasm. 

In contrast to the microchcmical coloring methods there are 
the physical staining methods in which the process of coloration 
is probablj^ one of adsor]3tion of the dye by the cellular stniclurc 
in question. In physical staining the results vary, probably 
depending upon differences in colloidal concentration, size of 
colloid particles, and aggregates of particles, whether or not the ' 
sol or gel phase is present, and differences in surface tension of 
the stnicUnc being stained, as well as upon differences in size 
of the dye particles (cf. Bayliss, '15, pp. 70, 71). No doubt these 
methods are variable again, depending upon whether or not the 
nature of the cell structures lias been altered by acidity or al- 
kalinity resulting from postmortem changes or from the fixatives 
employed. Physical staining is accomplished whether the dye 
used is acid or basic. IMiile physical methods arc excellent for 
differential staining (and in most cases they are the best at hand) 
there is an outstanding objection to them, and that is, that one 
never knows exactly the true physical nature of the particular 
structure under observation. This may not be seen at all, or it 
may be small, or it may be largo, depending upon the technique. 
For example, different dcscrijitions have been given of the Nissl 
bodies, Probabl}' many of these differences were due to vari- 
ations in technique under which the physical structure was 
alterable. Furthermore, it has been questioned whether such 
structures as Nissl bodies exist at all as such, because they are 
not seen in the living protoplasm, but rather after they have been 
coagulated. The Nissl method of demonstrating them is a 
physical one. 
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3. Additional proof of nerve injury 

During the progress of the study of the changes in the iron- 
containing materials in the nerve cells it became desirable to 
know for a certainty whether or not the protoplasmic continuity 
of the axis cjdinders was interrupted. In every animal macro- 
scopic study revealed food that had been collected under and at 
the side of the tongue on the side of the ligated ner^m. It was 
also noted that this half of the tongue was anemic and flaccid as 
compared with the normal half. Upon microscopic stud}' it was 
observed that the muscle fibers of the injured side were atrophied 
considerably, depending upon the time allowed for reaction 
after the ligation. The atrophied side was also considerably 
smaller in cross section (fig. 1). A sunilar condition of the 
' tongue was noted in instances where the neiam had been tom. 

To complete the demonstration of the complete interruption 
of the nerve fibers, the nerve was dissected out after the animal 
had been killed and a piece of it, including a portion distal to 
the ligature and a portion central to it, were prepared for micro- 
scopic examination. Macroscopically it was noted that the 
distal part was not white in appearance like the central part. 
It was frequently seen to be larger than normal and edematous 
in character. Upon sectioning the nerve after silver nitrate 
impregnation the axis cylinders in the central portion were 
normal (fig. 2), while in the distal portion they were not dis- 
cernible or else there remained a few granular axis cylinders 
(fig. 3), depending upon the time allowed for degeneration of the 
nerve. 

Neuromas were seen in some of the preparations to have grown 
near the point of ligation (fig. 4). 

Electrical stimulation of the ligated nerve showed that the 
distal portion had degenerated completely, as there was no 
response in the tissue normally supplied. 
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OBSERVATIONS 

jf. Distribution of iron’hohling nmferial in the normal nerve cell 

The umiijurod motor ncn'c cell from the li}'])oglossaI nucleus 
after the iron procedure shows the cytoplasm, nucleus, nucleolus, 
axonc and dendrites ^Yith their normal relationship to each other 
and with no shrinkage spaces surrounding the cell body (figs. 5 
to 23). Irregularly shaped masses showing the iron reaction 
about the size and form of ]Nissl bodies were demonstrated in the 
cytoplasm. These bodies are sharply defined and are located in 
the cell in all its parts except in the axone hillock, but they arc 
slightly larger and more numerous in the midzone between the 
nuclear membrane and the cell wall than elsewhere (fig. 10). 
The general cytoplasm with its contained iron-holding masses is 
sharply defined from the axonc hillock in these preparations 
(figs. 8, 11 and 18). 

The nucleus is alwa>T3 a large round body centrall 3 ^ located 
(figs. 14 and 19). It has no indentations into nor protrusions 
from its surfi^cc ordinarily. A small amount of material showing 
a slight reaction for iron is present in the nuclear membrane, 
especially on tlie side nearest the axone, and within the nucleus, 
where, in addition to the nucleolus, there arc present masses of 
iron-holding substance which arc variable in .size and shape as 
well as in number. Tlicsc arc not stainable with toluidin blue, 
methylene blue nor other basic dj’cs. Usually those granules 
arc smaller than those seen in the c 3 doplasm. Tlic^” tend to be 
round (figs. G, 12 and 19) and varj" in number, as will be seen ui)on 
comparing figure 8 with figure 22. Though the^' are, as a rule, 
evenly' distributed in the nucleoplasm (fig. 23) thc^' ma 3 ^ bo seen 
grouped on the side nearest the axone (fig. 8). In some of the 
nuclei a largo homogeneous mass of iron-reacting material ina 3 ’’ 
also be seen on the side closest the axone (figs. 5, 14, 20 and 23). 

An iron reaction is obtained in the nucleolus — a round and 
shar|)ly defined bod 3 ' which is cither centrally located (figs. G to 
9, 11 to 13, IG and 17) or cxccntric in position (figs, 5, 10, 14, 15 
and 18 to 23), In the latter case it is i)racticaUy alwa 3 's seen 
in the side of the nucleus nearest the axone hillock. The 
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nucleolus is usually uniform in size providing it is cut througli 
its center. A study of serial sections shows this to be the case. 
Tangential sections of it are naturally smaller. It always gives 
a distinct reaction for iron more readily and sooner than any 
other structure in the neiwe cell. Early investigators employing 
the ammonium sulphide plus glycerine and the potassium fer- 
rocyanide plus HCl methods also found this to be the case. 
The iron-containing substance in the nucleolus seems to be more 
concentrated and more easity dissociated than elsewhere in the 
cell. 

The axone and its hillock are free from iron-reacting proteins 
so far as has thus far been determined. The axone hillocks var 3 ' 
in size from those rather small (fig. 9) to those much larger (fig. 
18). 

Like the Nissl bodies, the iron-holding masses are also present 
in the dendrites where they are longer, more slender, and not as 
’ large nor as numerous as those in the cell plasma (fig. 8). They 
are arranged parallel vdth the long axis of the dendrite. 

The microscopic picture of the iron-containing masses corre- 
sponds precisely with that of the Nissl substance. 

2. The relation of the iron-containing material to the N'issl substance 

Under high magnification it can be seen that the Nissl bodies 
are not solid, but that they are composed of manj"- smaller granules 
which are variable in size. Both the iron-containing material 
and the Nissl substance are basophilic in nature and are readity 
stainable by practically all basic dj^es. They are similar to the 
nuclear chromatin and, according to Scott, derived from them. 
Alkalies dissolve out the Nissl material and the iron-holding sub- 
stance is taken out with it so that neither is demonstrable after 
such treatment. The oxyphilic material in the nucleus is an 
iron-holding one, but it is not dissolved by alkalies. 

In order to show the relation existing between the Nissl material 
and the iron-reacting masses demonstrated, camera lucida 
drandngs were made of the iron-containing masses and Nissl 
substance in one and the same cell. A series of preparations was 
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stained with toluidin blue and erjilirosin to demonstrate the 
Nissl bodies. Drawings of these were then made \\'ith the aid 
of the camera lucida. These same preparations were then de- 
stained by alcohol, the iron was unmasked by sulphuric acid and 
then demonstrated by the Macallum hematox^din method. The 
same cells were again drawn by the aid of the camera lucida 
apparatus. A tissue paper copy of the one was superimposed 
upon the other. With the exception of a few small bodies the 
two sets of preparations agree in detail. We may therefore 
conclude that the Nissl substance is or contains an iron-holding 
protein. From the studies of Held, Macallum and Scott it is 
probable that the Nissl substance is a nucleoprotcin. These 
drawings are shown side by side in figures 84 to 89. Figures 84 
and 85 represent the normal cell, figures 80 and 87 rcjiresent a 
cell whose axonc was ligated, and figures 88 and 89 represent a 
cell whose axone was torn. It need hardly be said that the 
figures here presented showing iron-holding protein correspond 
strikingly ^\'ith the t j-pical Nissl picture. They show at a glance 
that the iron-reacting material is in the Nissl bodies and besides 
it is in the nucleolus and in the oxj^ihilic chromatin material of 
the nucleus. In the case of a few small Nissl granules (figs. SO 
and 87) near the jicriphery of the cytoplasm and between the 
larger granules in the center of the cell there is no iron reaction. 
Perhaps in the latter coses the iron was more rcadil 3 ’ unmasked 
and diffused before tlie preparation was removed from (he acid- 
alcohol. 

S. Changes in dislrihution of the iron-reading substance in the cell 
following ligation of the nerve 

The changes in the distribution of the iron-containing material 
of nerve cells following ligation of their axoncs were studie<l after 
intervals of one day up to fift^' days and thereafter at intervals 
of one month up to six months. In general, the degenerative 
changes which took place progressed gradually from the first day 
up to the fifteenth da>' (figs. 24 to 38) after which regenemtive 
changes took place and progressed gradually from the sixteenth 
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day up to the forty-fourth day after ligation (figs. 38 to 65). 
The degenerative changes are characterized by gradual decrease 
in iron-holding proteins in the cjToplasm and nucleus, distortion 
of the nucleus, and, after fixation, shrinkage of the cjToplasm. 
The regenerative changes are characterized hy the gradual in- 
crease in iron-reacting material in the c>d.oplasm and nucleus and 
return of the nucleus and cytoplasm to normal. These two phases 
ma}’' be diidded into substages ivhich occm' as follows: First to 
third day, fourth to eighth day, ninth to fifteenth day, and 
sixteenth to fort 3 ’’-fourth da 3 ^ 

a. The cytoplasm, Twentj^-four hours after ligation of the 
axones the iron-containing masses in the c^^toplasm of the cells 
begin to disappear all around the nucleus and close to it (fig. 24). 
This depletion progresses graduall}" from the nucleus toward the 
peripheiy up to the fifteenth da}" when it becomes most marked 
(figs. 25 to 38). In tliis degenerative phase the stage in which 
the cells are most affected is from the ninth to fifteenth days, as 
is sho^Yn in figures 32, 33, 35 and 38. 

From the first to the fourth day there is, in addition to the 
disappearance of the iron-containing masses iimnediateh" around 
the nucleus ('central chromatolysis 0, a decrease in their number 
in the rest of the cytoplasm and the appearance of masses of iron- 
containing material which are considerably larger than normal 
in the peripher}'' of the cell (figs. 25 and 26). 

From the fourth to the eighth day the disappearance of iron- 
reacting material from the cytoplasm is apparently halted and the 
large masses of hon-holding substance in the periphery of the 
cell disappear only to be replaced by numerous smaller ones 
(figs. 27 to 31) which exhibit an appearance of fragmentation 
(figs. 30 and 31). In this stage it is evident that more iron- 
containing substance accumulates in the neighborhood of the 
axone hillock (figs. 28, 29 and 31), though these masses may be as 
large as in figure 29 or small as in figure 31. This period from the 
fourth to the eighth day corresponds to the one following the first 
frantic efforts of the axones to regenerate as shown b}’' Cajal (TS). 

The most marked stage of all, which occurs between the ninth 
and fifteenth days as represented in figures 32 to 38, shows that 
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the depletion of iron-contaimng material from the cjtoplasm 
continues peripherally at, a \q\} raynd late 32, 33, 3> and 
38) Instead of the numeious, ‘scattered, small bodies of iiom 
holding siilistance m the periphery of the cy toplasm as shown in 
the preceding stage, theic is here an accumulation of the iron- 
containing matciial close to the cell wall in the form of a more 
homogeneous mass with a few scattered granules (figs 32, 35 
and 3S) Occasionallj a cell is '^cen m which a large part of the 
penpherj of the cytoplasm is free from ii on-reacting protein 
(figs 33 and 35). In this stage the accumulation of iron-holding 
substance about the a\one hillock is nioie marked tliau m the 
preceding (figs 32, 35 and 38) and the hillock itself ajipears to 
have become much smaller. Whether this decrease in size is 
real or merely due to shrinkage of the pcnjihcry of the cytoplasm, 
especially that about the a\one hillock, is a question 

As the degenerative changes progress m the pi cccding stages the 
cytoplasm is not alwa\s left entirely free of granules gumg the 
iron reaction, for occasionally large or small granule-) maj be seen 
near the nuclear membrane (tigs 30, 3i and 37) 

I'hc regeneratne cliangcs begin with the si\tcenth and con- 
tinue to the forty-fourth clay w hen the cell has become practically 
normal again so far as the masses of iron-contaimiig matoiial 
arc toneerned (figs 30 to 05). Granules of iron-holding substance 
begin to reappear in the c> lopla^^m nc ir the nucleus (fig 39) and 
increase m number and si7C fiom day to da\ and, as will be seen 
by referring to the figures, the granules arc at first small (figs 
39, 40 and 41), but become larger until they fill the rest of the 
cytopla«;m gradually from the nucleus tow aid the periphery 
\\3iilc an increased amount is present around the a\one hillock 
m the first few diys of rcgomiation (figs 10, 41, 47 and 49) this 
condition becomes tyTiical m the liter days (figs 52, 51, 5fi, 59 
and (>9) 

Trom the forty^-fourlh day up to si\ montlis after the a\one 
injury the mm-re icting maternl m the ncr\c tills remains un- 
altered (figs 05 to 70) 

Besides the change-* m distribution of the iron-contaming 
protein another outstanding feature is the '-Iinnkage of the 
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cj’toplasm as displayed in fixed material, and probably due to 
increased water content. This begins some time during the first 
day of reaction (fig. 24) and becomes most marked from the 
ninth day (fig. 32) to the forty-fourth day (fig. (55), after which 
the condition again approaches the normal (fig.s. (55 to 7G). In 
this connection the clianges in the internal reticular apparatus 
of Golgi as described by hlarcora (’OS) are of interest. 

h. The nucleus. From the finst to the end of the third days of 
reaction to axone ligation there is a general depletion of iron- 
holding substance in the nucleus as is evident in the nuclear wall 
and in the decrease in number of granules in the nucleo])lasm 
(figs. 25 and 26). In figure 25 there are two places where no 
demonstrable iron is present in the nuclear membrane. It will 
also be noted that the few granules present within the nucleus 
are located near the periphery rather than close to the nucleolus. 

Tins stage is followed by one lasting from the fourth to the 
eighth days in which the nuclear non-reacting material is again 
increased to normal. Although this is not ei-ident in the nuclear 
membrane, it is marked by the greater number of iron-reacting 
granules uniformly scattered thi-oughout the nucleoplasm (figs. 
27 to 30) and the large diffuse masses in the side of the nucleus 
nearest the axone hillock (figs. 27 to 30), especially in figure 29. 
In figures 27 and 28 it will also be seen that the non-containing 
protein is absent from the nuclear membrane at the pole opposite 
the axone hillock. 

In the stage of most marked degenerative changes, namely, 
that extending from the ninth to the fifteenth da 3 's, the nuclear 
iron-reacting content again becomes markedlj- decreased (figs. 
32 to 38) with such exceptions as are present in figure 33, where 
a large mass of iron-holding substance is collected in the nucleus 
near the axone hillock, and in figures 34, 36 and 37 where the 
amount of iron-containing material is practical!}' normal. In 
figures 32, 35 and 38 the nuclear granules which give a reaction 
for u’on are small in size, but scattered unifonnlj' in the nucleo- 
plasm. In figure 32 a few large granules are located near the 
nucleolus and in figure 38 the}' are present in the region of the 
nuclear membrane. In these cells there is no appreciable amount 
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of iron-reacting substance in the nucleus near the axonc hillock 
and the iron-holding protein of the nuclear membrane has become 
almost entirely depleted. In practically all these cells (figs, 32, 
33 and 35 to 3S) the iron-containing material is absent from the 
nuclear wall in the pole farthest from the axone liillock. 

FoUondng this climax of axonc-reaction changes in the dis- 
tribution of the iron-reacting masses in the nucleus is a stage 
lasting from the sixteenth to the forty-fourth days, in which tlie 
iron-holding substance and its distribution again become nonnal 
(figs. 39 to 65). This is characterized by the reappearance of 
granules of various size from small to large and of various mor- 
phology from round granules to irregular masses which are uni- 
formly distributed through the nucleoplasm (figs. 39 to 65). 
In figure 50 there is a predominance of small round granule.^, 
while in figure 52 the majority are large and irregular. The 
large mass of iron-holding substance in the polo of the nucleus 
nearest the axone also becomes a feature distinguishing the normal 
nucleus from that markedly affected (figs. 39, 41, 45, 48, 50, 52 
to 57, 59, 63, 04 and Go). Likewise the iron-reacting material 
of the nuclear wall becomes normal (figs. 39 to 65), although there 
arc a few cells in the cari^" stages of the period of regeneration 
in which the nuclear wall of the pole farthest from the axone is 
still deficient in iron-containing protein (figs. 41, 43, 4-1, 46 and 
4S). Within this stage of regeneration there is present an in- 
teresting additional phenomenon ndthin the nucleus (fig. 49) 
in which it appears that there is a distribution of iron-containing 
material from the nucleolus toward the penpherj' of the nucleo- 
plasm, or a formation of this material around the nucleolus. 

From the forty-fourth day up to the end of six months the 
nuclear iron-reacting substance remains normal ns regards 
quantity, size and morpholog>’ of the granules, and distribution 
(figs. 06 to 70), 

One important feature of tlie nucleus not dcscribcti heretofore 
is its change in shape. During the greater part of the periods 
of degeneration and regeneration the nucleus becomes distort c<I 
and irregular in outline, as will be seen upon reference to figures 
2S to 30, 34, 41, 42, 44, 40, 48, 51, 53, 50 to 5S and GO. 
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c. The nucleolus. The nucleolus itself remains as a round, de- 
finitelj'’ outlined bodj"- wliich is of uniform size when the same 
precautions are taken as outlined in the studj' of the nucleolus in 
the normal cell, i.e., when only median sections of it are studied. 
Although the nucleolus is approximately centrally located in 
many of the cells (figs. 27, 28, 31, 32, 37, 38, 40, 43, 44, 4.5, 48, 

51, 55, 56, 58, 68, 69 and 71 to 75) throughout the stages of 
degeneration and regeneration, in many others it is decidedly 
excentric as in figures 26, 29, 30, 33 to 36, 39, 41, 42, 43, 49, 50, 

52, 54, 57, 59, 64, 65, 67, 70 and 76. In most cells this nucleolar 
excentricity is toward the pole neare.st the axone hillock, as in the 
normal cells, but there are a few exceptions to this ifigs. 30, 33, 
35 and 42). It will be noted that these e.xceptions occur in the 
stage of greatest cellular reaction. The position of the nucleolus 
probably has no significance whatever. It tends to settle with 
reference to gravity. This might occur while the brain was being 
exposed. The lowest part of each cell is roughly the axone ])ole. 
It was proven to settle with reference to gra\’ity in the electric 
lobe cells of the Toi'pedo (Dahlgi-en, T.5). 

d. The axone. At no stage of the ])eriods of degenci-ation and 
regeneration dm-ing the reaction of the cell to axone injury was 
iron-holding protein observed in the axone or its hillock. The 
hillock became much smaller in size, progressive!)', from the eighth 
day up to the fifteenth day of reaction (figs. 31 to 38), after which 
it returned to normal size gradually from the sixteenth to the 
forty-fourth daj’-s (figs. 38 to 65). In this period the most 
marked change in the size of the hillock is between the eighth and 
and twentieth da 3 's (figs. 31 to 43) . Associated with this decrease 
in size is a marked accumulation of iron-containing material in 
the cytoplasm immediate!)' around the hillock (figs. 31 to 43). 
If the axone hillock became smaller, relatively, than the whole 
cell, then iron-containing material invaded the c)'toplasm which 
normally is iron-free, i.e., part of the hillock itself. But since 
there is a slrrinkage of the cytoplasm as a whole it is difficult to 
say whether or not there is an actual decrease in size of the 
hillock (figs. 24 to 62). From forty-four days up to six months 
the axones remained normal. 
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e. The dendrites. No patliologic changes were obsen’ccl in the 
bodies of iron-reacting material in the dendrites nor in the 
dendrites themselves. 

Jf. The changes in dislribulion of the iron-reading snbslancc in the 
nerve cells following tearing of the axones 

It has long been known that nerve cells react differently to 
different degrees of injury. For instance, to mild forms of injurj' 
to the axones the cells show slight degenerative change.s; to more 
marked injuries profound changes take place; and to injuric.s of 
still greater degree the cells degenerate completely and die. It 
w'as for these reasons that it was deemed advisable to produce 
an injury to the axones of such a nature that the cells would 
show extreme degenerativ'e changes and to observe the changes 
in the iron-holding protein under such conditions as well as to 
compare them with changes observed in the ligation cx])eriments. 
In this case the h}T)oglossaI ncrv'c was dissected from its sur- 
roundings just as in the operation for ligation of the nen’c, but 
instead of ligating the nen'o, it was torn or cut off as close as 
possible to the foramen. Striking differences were observed in 
the cells of these preparatioas ns contrasted with those in which 
the ligation had been made. In view of these findings a series 
of experiments was made in which the changes were studied after 
five, ten, fifteen, twenty days and so on up to fifty days. In 
the cytoplasm the changes obscrvctl were a gradual reduction 
in the amount of iron-holding substance and shrinkage of the 
cell from the first to the twentieth days after injury. In the 
nucleus the reduction of iron-containing material occurred from 
the twentieth to the thirty-fifth day.s, when the cell was almost 
completely degenerated and the nucleus became distorted. 
Regenerative changes never took place in these cells. 

a. The cytoplasm. In these cx])/ riments of tearing the axones 
the iron-reacting material in the cytoplasm diniinislirs gradually 
from the first to the twentieth da^’S of reaction, when it has 
disappeared entirely* (figs. 77 to SO). 
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After five days of reaction the iron-reacting granules are fewer 
in number and smaller in size than those in the normal cell al- 
though their distribution is normal (fig. 77), but the degree of 
reaction is not as great as it is five days after ligation of the 
axones (compare fig. 77 with 28). This is probablj’' due to the 
absence of the great and usually transient regeneration acti\dty 
in the first two to four days after injury (cf. Cajal, '08). At the 
tenth day the changes practical^ equal those ten days after 
ligation. Compare figures 78 and 33, where the C 3 i;oplasm 
is devoid of iron-holding protein except for a few granules in the 
region of the axone hillock. On the fifteenth day there is, like- 
wise, almost complete loss of iron-containing substance from the 
cytoplasm (fig. 79). This is a much greater change than is 
evident at the fifteenth day of ligation (fig. 38). On the twentieth, 
twenty-fifth, thirtieth and thirty-fifth days (figs. 80 to S3, 
respectively) the iron-containing granules have disappeared. 
Forty, forty-five and fifty days after tearing the axone the cells 
had degenerated beyond recognition except for a few whose 
axones had not been included in the tearing and therefore re- 
mained unaffected. At no time is there an accumulation of 
iron-reacting material in the periphery of the c^i^oplasm nor 
about the axone hillock (figs. 77 to 83) as was observed in the 
ligation experiments. 

Shrinkage of the cytoplasm was obsen^’ed after deh 3 ''dration 
just as in the ligation procedure except that it was not as marked 
in degree (compare figs. 77 to 83 with figs. 24 to 65). 

6. The nucleus. It appears that the changes in the nuclear 
iron-holding protein are retarded somewhat as compared with 
those following ligation, although the iron-containing substance 
does disappear gradually from the twentieth up to the thirty- 
fifth days after tearing the axones. 

After five, ten and fifteen days of reaction the nuclear iron- 
reacting substance remains normal in amount, distribution and 
size of granules (figs. 77 to 79). It is onl}'' after the twentieth 
day that changes occur in the form of an increase in amount and 
size of granules in the peripherj’’ of the nucleoplasm (fig. 80). 
This rapidly disappears b^^ the twenty-fifth da^^’ when only a few 
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small granules remain (fig. 81). By the thirtieth and thirl}"- 
fifth days oven these disappear (figs. 82 and 83) and thereafter 
the cells become so degenerated that iron-holding material is no 
longer demonstrable. 

Disappearance of iron-containing protein from the nuclear 
membrane did not take place until after the thirtieth day (fig. 82) 
and grouping of iron-reacting material in the nucleus on the side 
nearest the axone i\’as not obsen^ed either (figs. 77 to 83). Dis- 
tortion of the nucleus as a -u'hole, like^^^se, did not occur imtil 
after the thirtieth day of axone reaction (fig. 82). 

c. The nuclcohts. No changes from the normal were observed 
in the iron-holding material of the nucleolus. Up to the thirty- 
fifth day the size, shape and position of this structure were the 
same as in the normal or in the experiments where ligation was 
performed (figs. 77 to S3). 

d. The axone. Under these conditions of tearing the axoncs, 
iron-containing substance was not obseia'cd in the axone nor in 
its hillock. The disappearance of iron-reacting protein from tlio 
cj'toplasm was so complete that, axeept for a few granules seen 
in figures 77 and 78, no iron-holding material was grouped about 
the hillock (figs. 77 to 83), in fact it could not even be outlined. 
No clmngc was obscr^^cd in the form of the axone up to the thirty- 
fifth dajL 

c. The dendrites. The only change obsen’ed in the dendrites 
was the gradual but complete disappearance of iron-containing 
material from the fifth to the thirty-fifth da3's of reaction to the 
injurj' (figs. 77 to S3). After this period the cells were completely 
degenerated. 

5. The smilaribj in the morphologic changes in the nerve cells in 
studies of Nissl and iron preparations 

The changes in the size, shape and distribution of the iron- 
reacting granules in the cj'toplasm and nucleus of nen’c cells, 
together with the shrinkage of the cytoplasm and the distortion 
of the nucleus following ligation or tearing of their axoncs cor- 
respond idcnticall}' with the morphologic changes obsor\*ed in 
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studies of the Nissl substance in neiTe cells following other tjiies 
of injurj' as recorded in the litei'ature and enumerated in this 
paper under the heading “The Axone Reaction” (p. 40). 
The Kissl bodies like the iron granules undergo similar changes. 
Thejf become smaller in sine and disappear progressivelj', be- 
ginning near the nucleus at the side nearest the axone and con- 
tinuing peripherallj’’ while at the same time changing consider- 
ably in size and shape. Thej’ collect about the axone hillock 
in the most marked stages and reappear in the cytojilasm 
•immediately around the nucleus and spread peripherally as 
regeneration begins. No doubt there are also changes in the 
nucleus, but since the oxjqrhilic nuclear chromatin, as dis- 
tinguished from the nucleolus, does not stain bj* the Nis.sl method, 
such changes have not been described. 

Cytoplasmic slmnkage and distortion of the nucleus take place 
at approximately the same time and to the same extent under 
both procedures. 


DISCUSSION 

There seems to be no question regarding the reliability of the 
microchemical tests for iron in plant and animal tissues. They 
have been emploj'^ed unqucstioninglj'^ by chemists and biologists 
since the first description of iron in cells by Vogel in 1S45. Of 
these the chief methods used have been the ammonium sulphide 
plus gl^’-cerine, the potassium ferrocyanide plus HCl and the 
hematoxylin methods. Variations in technique have been 
centered mainly around that of unmasking the iron from the 
protein molecules, but as regards the iron reaction itself the 
technique has been similar throughout. When the methods were 
first used only inorganic iron was discernible. This was true in 
the study of iron in many lands of cells, but in case of the nerve 
cells, where there is no free iron normally, the Ron described has 
first to be dissociated from the molecule to which it is organically 
bound. In addition to the above-named facts the methods for 
microchemical detection of iron were checked, the one against the 
other, and it was found that the results coincided uniformly. 
The main advantage of one method over another is that the blue- 
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black reaction iMth the hematoxjlm method can be seen better 
under the microscope than can the Prussian blue in the potassium 
ferrocyanide plus HCl method oi the black m the ammonium 
sulphide plus glj cerine method 

That an iron-contaimng substance is pie^ent in the cytologic 
structure of plant and animal cells there seems to be no doubt 
except that expressed by AIathci\s (TG, p 17G) who writes 
"It appears, from some recent work, that iron, coutiar\ to an 
eaiher mcw, is not present m all nuclei" and that found in 
instances where the solutions or the gla'^sware used maj ha\e 
contained inorganic iron 

Undoubtedly the ner\e cells contain iron-holding protein m 
considerable quantitj as compared w ith inaiij other animal cells 
Since It IS the chromatin or chromidial substance m which the 
iron IS found, this is to be expected when we consider the largo 
amount of basophilic material (Ki'^^l substance) m the cj toplasm, 
the chromatin or oxychromatin m the nucleus and nucleolus 
This latter structure gives a reaction for iron more rcadilj' and 
more inarkedlj than any other protoplasmic structure when 
subjected to the iron tests Probably this iroii-contaming 
protein makes up an intricate and necessary part of cells so highb 
specialized as nene cells Certamlj, the nudeus with its 
chromatin has long been considered the ccH’s mo'^t highlj s])ccial- 
izcd center, at least ph> siologicalb and geneticallj, and it is 
this structure m which the iron is alwajs found 

Dastre (’9S-’99) sa\ s that a tis‘>uo like the li\ cr, rich in iron, 
maj contain as much as I o parts iron m 10,000 It i^- po-^sible 
that the ncr\ e cells contain fully that much, if not more 

Kegardmg the relation of iron to the chromatin material, 
Macallum ('91) concluded that the iroii-holding nuclein is the 
same as the chromatin — at least m the case of the inatunng 
o\um In lower \crtcbratc>, ho «ajs, the iron which is prc'^ent 
m them is rcccnod during the embrvome stage in (ombination 
with a nuclcm, while, m the cit, there is a transference of chro- 
matin from the maternal tissues to the foetal \ilh of the placenta, 
and the embr\ o rocen es, m this wa\ , all the iron that it requires 


TUKJorn'VAt coMrAnATire xccnntncT >ou ’Icx, ^o I 
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Later Macalliim (^96) concluded that a substance to which 
iron is firml}^ held is a constant constituent of the nucleus of 
plant and animal cells, of the cytoplasm of non-nucleated organ- 
isms, and also of cells which possess rudimentary nuclei. The 
substance is not constant in molecular stiucture, but it occurs in 
the nuclein or nucleinic acid of cells in which it is probably held 
to an end carbon atom. Acid alcohols liberate tliis iron as a 
ferric salt which quickl}^ becomes a molecular form. That it 
is in its ferric form is shown by the formation of the potassium 
ferro-ferri-cyanide or Piussian blue. IMacallum claimed that 
chromatin is the antecedent of hemoglobin and has the capacity 
for absorbing and retaining ox3^gen. Therefore, alterations in 
the conditions of oxidation and reduction maj’' be due to a re- 
duction of the iron-containing nuclear constituent. In IMono- 
tropa none of the iron-reacting material found in the nuclei is 
derived from the cj^toplasm, as may be shown, because there is 
often very little or no cjToplasm in the cells of coats of ovules 
of this plant, and yet the nuclei give an intense iiun reaction. 
In muscle cells of larval Ambtystoma in their transition stage, 
iron can be traced from the C3doplasm into the nuclei. Macallum 
suggests that it is possible that the iron-containing material in 
the cytoplasm of the gluten la3^er of germinating rye grain is the 
zymogen or prozymogen of the ferment. He observed diffusion 
of an iron-holding substance from the nucleus of the spermatozoid 
into its cytoplasm after it penetrated the ovule. This helps to 
support the view that new chromatin material in nerve cells is 
passed from the nucleus tlirough its membrane into the sur- 
rounding cytoplasm, which was maintained b3’’ Scott. That the 
antecedent of ferments in the digestive secretions of Protozoa is 
an iron-holding cliromatin is also maintained b3^ Macallum, and 
he says that some 3"east cells have eosin-staining bodies which 
show iron reaction. Probabl3^ these bodies are iron-containing 
ox3rphilic substances. 

In the work of Ascoli (^99) in which he found as much as 1 
per cent of masked iron in a nucleinic acid, Macalluin's view — 
that the organic iron is held to the nuclein or the nucleinic acid — 
is partly confirmed. 
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Certainly the iron is organically' bound to the protein, because 
a 4 per cent sulphuric acid alcohol solution plus lieat is necessary 
to unmask it. 

Kai)pers (’21, p. 15) concluded that ^‘The chroniidial substance 
is a very' complicated one. . . . This much, however, is certain, 
that it is an acid derivative (a compound of nucleinic acids with 
iron), and its acid cliaracter is also demonstrated by the fact 
that it can be colored only by a basic dye.” 

To the anatomist chromatin is a complex protein colloid con- 
taining nucleic acid to which some iron is bound and which stains 
readily v'ith such basic dyes as thionin, methylene blue and 
toluidin blue. This chromatin is the chief constituent of the 
nucleus of all cells and such cj'toplasmic materials as the Nissl 
bodies in neiwc cells. Furthermore, it is believed to play an 
important part in cell division, growth, reproduction and meta- 
bolism. 

To the ph}\siologist the cliromatin represents the storehouse for 
nutritive material because of the fact that it is depleted during 
activity of the cell and is rci)laced upon rest. But this view is 
not wholly justified because it certainly docs not consider all 
the factors involved in cellular activit 3 \ 

Just what tile chemical and physiological processes are which 
take jilacc in the neuron during metabolism and csjiccially during 
the passage of the nerve impulse is a question difficult to answer. 
There are enough theories which will not bo enlarged uiion here. 
However, it seems well to give some of the explanations that 
Imvc been offered in the past. 

Schneider (’00) said that the nucleus seems to iilay the im- 
portant role of taking uji the required iron from the blood and 
then dispensing it as it is needed during the cell’s metabolism. 

Macallum (’02) said that iron in plant cells seems to be very 
necessary to life, since its depiction leads to the condition of 
chlorosis. Tliis is questionable to some extent in animal life. 
Macullum went still further in his idea of the imiiortance of iron 
when he said, “SufTice it to say that the fundamental life sub- 
stance is an iron-containing compound and that, inferentially, 
the chemical processes underlying life, in other words life itself, 
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are to be referred to the constant oxidation and reduction of the 
iron of this compound/^ 

Dastre (’98-^99) claimed that iron promotes oxidation of the 
organic matter; that it does so like an enzyme, without giving 
up itself; that iron readily combines with O 2 and FczOs. 

In 1904 Dastre still attached great importance to the iron in 
chromatin when he said that iron is one of the elements of living 
things, it enters readily into organic composites, and in plant and 
animal cells its chemical function seems to be that of acting as an 
agent of oxidation. 

Porter (’95) also attempted to show that iron has a ph 3 ^siological 
r61e to play because, he says, it fixes Os and promotes oxidation 
in the tissues. 

It was Mott (’21, p. 306) who said that if the iron of the nucleus 
acts as a catalyzer, as there is reason to believe, it ma}’’ be hy- 
pothecated that when a stimulus arrives at the layer of intercalary 
neurons a catalase is liberated from the nuclear material, acts 
upon the molecular oxygen attached to the oxidase granules, 
converts it into free atomic oxygen whereby phj^sical and chemical 
changes occur, resulting in either a physiological junction of the 
processes of the intercalary neurons by amoeboid movement and 
multiple contacts Avith the processes of the first type of neurons 
or a process of combustion whereby the sugar is converted into 
energy thus serving as a source of stimulus to the next S 3 "stem of 
neurons. 

That changes occur in the iron-containing materials of nerve 
cells has already been pointed out elsewhere in this paper and 
the figures support these views. These changes agree, for the 
most part, with the findings in regard to the Nissl substance in 
the cells that have been observed by other methods of stud 3 ^ in 
which the iron-holding protein AA^as not taken into account. 
Just Avhat these changes in distribution of the iron-reacting sub- 
stances mean as regards their relation to axone reaction it is 
difficult to say. That the hon is contained Avithin or associated 
AAuth the Nissl substance has been asserted by Mackenzie (^97), 
Macallum (’98) and Scott (’99), and in this stud 3 " abundant proof 
of this is offered for the first time. Except for the smaller and 
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more peripheral Nissl granulations all the substance con- 
tains iron Nou, in the cell's reaction to axone injury (or, for 
that matter, injury to the cell bodj directlj) both the Nissl 
granules and the iron-containmg mateiial become changed The 
NissI material liccomcs chromatol>zed and the iron disappears — 
so far as e knoi\ In the light of the foregoing it is concen able 
that, as the cell reacts to injury, the Nissl material iniglit dis- 
appear entirely through hjdrolj'^is of its complex protein mole- 
cules iMth ishich there may be associated some lipoids and carbo- 
hydrates, and, that this material is replaced bj' the cell’s taking 
up more ncces'^ary material from the surrounding media as it 
sur\ i\ 0^5 the acute rise in metabolism 

But ^^hat happens to the iron-holding protein‘s It may be 
said that if the Nissl material is hydrolyzed the iron should be 
demonstrable in the cytoplasm just the same This question 
can be met ^\lth the argument that the iron is not demonstrable 
as it comes into the cell either Whj , then, is it not possible 
that it passes out of the cell m a similar foim? It may' be sug- 
gested that m the increased metabolism follow ing mjur} the iron- 
contaming protein becomes diMded into such fine particles, so 
widely' dispersed and at a rate so slow that it is not \isiblc by' 
color reactions under apocliromatic immersion lensc*!, and that, 
as the cell survi\cs the acute rciction and tends toward the 
normal, this mitenal again becomes aggregated This mcw is 
supported by the fact that after chromatolj sis of the Ni'^sl 
material and dihpcrMon of the iron-rcactmg material, there is 
an incrca«5c of the NissI substance and iron-containing substance 
around the nucleus and an increase m iron-holding material 
within It It may be that the iron-reacting masses arc formed 
by the nucleus and become more abundant during the acute 
nuclear reaction 

Iron-containmg protein disappears rapidlj during the first four 
days, probably because at th it time the cell is m its acute st ige 
of reaction to injury Perhaps the metabolic rile is mcreised 
and in the cell’s reaction its a\ailable materi il is rapidh oxidized, 
and m so doing the iron-holding substance is oxidized also (fig 25) 
But an attempt to explain this phenomenon can onh be an hy- 
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pothetic one, since there is no more reason for such an explanation 
than there is for looking upon this material as a stored food sub- 
stance like fat. 

In the next three or four days still more of the organically 
bound iron is oxidized in the heightened metabolism of the cell 
and it becomes accumulated about the axone hillock (fig. 29). 
If iron passes into the hillock it must be in a form organically 
bound in such a waj’" that it is not demonstrable by the methods 
at hand, or else it is ionized and diffused before fixation. 

In the stage where the cell is hardly able to ■withstand the 
effects of the injury (about the twelfth day), practicall}'- all of 
the iron-containing substance becomes depleted in the cell ap- 
parently under the influence of active processes and in the di- 
rection of the axone hillock. At this stage it becomes a question 
whether the cell is going to live or if it must die (fig. 35). If the 
cell has the necessary vitality, its reaction toward the injury is 
arrested, it is going to live, and more iron material is graduall}' 
accumulated in the cell and finally the cell is regenerated to the 
point where it is again practically normal (fig. 70), If complete 
degeneration takes place, the cell dies. 

Since the iron-reacting material is present in greatest amount 
in the side of the nucleus adjacent to the axone in the normal cell 
(fig. 5), in the injured cell just before the maximum degenerative 
effects have taken place (fig. 33) and again in the cells when the 
regenerative changes have begun to take place (fig. 70), we have 
another indication of the cell’s polaritjL Now what does this 
mean? It is possible that the dendrites and axone are of opposite 
electrical character and that the iron-containing material is thus 
collected on the axone side of the motor cell. Marfori (’92) 
showed that the iron obtained from ferratin from liver cells could 
be collected electrically at the negative pole. If the iron is 
positive it may be assumed that it is bound to a negative carbon 
atom in the protein molecule just as Macallum (’96) suggested. 
In further support of this view hlacdonald, iNIacallum and 
Menton showed that there is also a content of potassium in and 
about the axone hillock, which is greater in amount than it is 
in any other part of the nerve cell, and potassium is electro- 
positive in character. 
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The cell shrinkage observed in the injured cells inaj' be cx-^ 
plained by the fact that during increased activity of the celh 
hydrolysis takes place wliich results in an increase in COs and 
IIsO in the cytoplasm. The COr is carried away rapidly by the 
surrounding media and the blood, but the water remains, at 
least for a time. Then, when the cells are dehydrated with ah 
cohols, the cytoplasm shrinks and shows the shrinkage areas in 
the fixed preparation. AMien the cells return to noniial actmty 
they do not show shrinkage after careful dehydration. 

From the foregoing discussion it seems justifiable to look upon 
the iron-containing nucleoprotcin as a distinct chemical com^ 
pound in which changes in amount and distribution following the 
cell’s reaction to mechanical injury arc here studictl for the fimt 
time. In a sense these changes may be regarded as normal 
activity of the living protoplasm. The changes under the abov’o 
circumstances are, furthermore, essentially similar to those seen 
in nerve cells injured b}' excessive activity. The data jirescnted 
in this paper afford the first proof that during the axone reaction 
there arc definite chemical changes within the cell. The studies 
with dyes have been heretofore inteqirctcd by some as indicating 
onl\' physical changes in the cytoplasm. The present demon- 
stration that most of the stamahfe suhstance of Nissf js an iron- 
containing substance makes it clear that the Nissl pictures of 
injured or fatigued cells indicate chemical as well as ph3'sical 
changes. When the struggle of the nerve cell to regenerate its 
axone has reached a climax at the end of the second week, a large 
amount of the iron-containing nuclcoproteiu has disappeared. 
There has like^^^se liecn an absolute decrease in organically 
bound iron. Exccntricitj' of the nucleus and its usual changes 
in form described hy investigators arc the moiphological evidences 
of the activities which will bring about the restoration. Ionized 
iron may be passing from the lymph through the cytoplasm into 
the nucleus, there to be incoriiorated into the protein molecule, 
or it maj" be bound, but the incoming stream being too slow or 
too small in amount to show, it is not demonstrable b^' this iron 
method. Or it may be that it is washed out or that it is too thin 
to see in fixed i)reparations. The treatment of the fresh cells 
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with potassium ferrocyanide and HCl might reveal it. However, 
this, as well as the effects of excess iron in the blood stream, should 
be studied both for the normal cells and such as are in various 
phases of axone reaction. 

So fundamental a cell constituent as a nucleoprotein cannot be 
regarded as a mere reserve food material like stored glycogen. 
It is a chemicall}^ distinct substance, the reactions of which with 
other cytoplasmic elements are one phase of protoplasmic activ- 
ity, perhaps one of the most important. The diffusion of nucleo- 
proteins through the c^^'toplasm increases the contact areas 
enormously and should mean more rapid as well as more intense 
reactions. 

The fact that some small Nissl granules do not show iron may 
be due to the particular iron-containing nucleoprotein having 
been hydrolyzed to the point where iron is no longer demonstrable, 
the same as in the condition where practically all the Nissl 
material and iron have disappeared. 

CONCLUSIONS 

1. The microchemical test for organically bound iron is reliable. 

2. In the normal nerve cells of the hypoglossal nucleus of the 
rat microchemical tests show that there is organicallj’' bound 
iron in the nucleolus where it is most concentrated, in the oxy- 
chromatin of Heidenlrain and in the chromophilic substance of 
the cytoplasm. Particular cells stained first by the Nissl method 
and then chemically tested for iron-containing substance present 
identical histological pictures except for the absence of non 
material in some of the smaller Nissl granules and its presence 
in the acidophilic oxy chromatin of the nucleus (figs. 84 and 85). 

3. The behavior of the iron-holding protein was studied under 
two experimental conditions, first, after ligation of the hj’po- 
glossal nerve and, second, after tearing this nerve apart external 
to its foramen. That the continuity of the nerve fibers was in- 
terrupted by the ligation was shown by the degeneration of the 
distal moiety of the nerve, its electrical inexcitability and the 
atrophy of the musculature supplied. 
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4 Dunng the first fifteen daj s after ligation of the ner\ c there 
IS a gradual reduction m the amount of iron-contaimng material 
in the cytoplasm In the fir«>t three dajs of this period this 
reduction is e\udcnt immediately around the nucleus, especially 
on the side nearest the axone, and the masses of iron-containing 
matci lal increase m size in the peripheral parts of the c\ toplasm 
From the fourth to the eighth day these large masses fragment 
and scatter Meantime there is a further reduction in the 
amount of cjtoplasmic iron-reacting substance piogrc^snely 
from the nucleus toward the periphery During this period 
iron-holdmg piotein accumulates around the axone hillock which 
diminishes in size During the period from the ninth to the 
fifteenth da} practically the whole of the c} toplasm becomes free 
from iron-contaimng material except for occasional ^ery small 
and widely scattered granules, and a further accumulation of 
iron-holding substance around the axone hillock, which mean- 
while continues to dimmish in size From the sixteenth to the 
forty-fourth dajs the reparatuc chauges take place At first 
small granules of iron-rcactmg protein appear m irregular and 
scattered foim close to the nuclear membrane from whence they 
become increased gradually toward the penpher} of the cell 
These granules of iron mat dial graduall} become more numerous, 
larger in size, and more regular in shape and distribution, and 
fmall} become most abundant in the zone of the c^^toplasm mid- 
wa} between the nucleus and the cell wall, until the fift} -fourth 
day when their appearance in c\er} resiicct is like that of the 
normal cell It is seen, therefore, that m the rcparati\c stages 
the lost iron is replaced, first in the xicmit} of the nucleus and 
fmall} m normal distribution No changes in the distribution 
of iron-reacting substance were obscr\cd m the dcndntc'? 
Neither was iron obsciacd in the axoncs m an} ‘^tage of the re- 
action to the injur}" 

o After axone ligation the amount of iron-holding material 
ill the nucleus dimim4ics dunng the fir^t three da\s, after which 
it increases to an amount be} ond the normal until the eighth da\ 
Thi<5 IS followed b} a diminution to below the nonnal amount 
to the fifteenth d i} at which time it is most markctl Ih tween 
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the sixteenth and the forty-fourth days there are slight incre- 
ments in some of the cells, but the return to normal amount and 
distribution of the nuclear iron-containing material is gradual 
up to the forty-fourth day. Throughout this period of axone 
reaction the iron-containing substance is nearly always more 
abundant in the side of the nucleus nearest the axone. No 
changes in the iron-reacting protein of the nucleolus were ob- 
served. 

6. It is thus seen that the iron-containing material changes in 
distribution and decreases in amount during the degenerative 
stage which continues from the first up to the fifteenth day of 
axone reaction; that the maximum changes occur between the 
ninth and fifteenth days; that regenerative changes begin at the 
sixteenth day and continue up to the forty-fourth da}’’ of axone 
reaction; and that the cell recovers completely from the injury. 
So far as this investigation goes h’on-reacting material passes 
from the nucleus into the cytoplasm where it accumulates about 
the axone hillock, but it is never seen to pass from the cytoplasm 
into the axone. 

7. In those experiments where the axones were torn the reaction 
changes are slightly more accentuated and the stages are longer. 
The iron-containing material disappears from the dendrites, and 
in the cytoplasm it gradually diminishes from the first up to the 
twentieth days when it has completely disappeared. After the 
fifth day the reduction of cytoplasmic iron-holding substance is 
so great that the axone hillock can no longer be recognized. 

8. In these preparations the nucleus shows a decrease in 
amount of iron-reacting material after the twentieth day which 
continues gradually up to the thirty-fifth daj'', wdien all of the 
iron-holding substance has disappeared, even from the nucleolus, 
and such cells are undoubtedlj'' dead. In other words the 
nucleus undergoes degeneration later than the cytoplasm. 

9. As in the case of the normal neurons (paragraph 1), iden- 
tical cells stained by Nissl’s method and subsequently tested for 
iron-reacting material show practically the same appeai’ances 
in the cytoplasm throughout both series of axone reactions — 
those ligated and those torn (figs. 86 to 89) . They also show that 
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the stamablc substance of Nissl is, for the most part, an iron- 
contaimng protein. 

10, The a\one reaction involves not merely a change in the 
staining properties of the cytoplasm, but also an actual loss of 
iron organicallj' bound to the protein molecule — thus a true 
chemical change 
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PLATE 1 

EXPLANATION OF FIGURES 

Figures 1, 2, 3 and 4 are photomicrographs of which figure 1 was enlarged X 50 
and figures 2, 3 and 4 were enlarged X 350. Pediiced one-third in reproduction. 
The tissue represented in figure 1 was fixed in Regaud's fluid and stained with 
Mallory’s connective tissue stain. The tissues represented in figures 2, 3 and 4 
were fixed in absolute alcohol plus 1 per cent strong ammonia and impregnated with 
AgNOs after the method of Ranson. 

1 Cross section of tongue from rat after ligation of hypoglossal nerve sho^slng 
decrease in size of tongue and atrophy of muscle fibers. 

2 Central portion of ligated ner\’e showing normal axis cylinders. 

3 Distal portion of ligated nei*ve showing degenerated axis cylinders. 

4 Section through neuroma at point of ligation showing axis cylinders which 
have grown at random. 
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PLATE 2 

Figures 5 to 23, inclusive, represent the amount, size of granules and distribution 
of the iron-containing material in the normal nervQ cells of the uninjured side of the 
hypoglossal nucleus and were drawn with Zeiss apochromatic objective 1.5 mm., 
compensating ocular No. 12 and camera lucida at table level. Since they were 
reduced one-half they represent a magnification of 1,050 diameters. All of the 
preparations were fixed in 95 per cent alcohol and the microchemical coloration was 
obtained by the ^Macallum hematoxjdin method. 
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PLATE 3 

EXPLANATION OF FIOUKES 

Figures 24 to 44, inclusive, represent changes in amount and distribution of iron 
in injured cells of the hj^poglossal nucleus whose axoncs were ligated and verc draum 
with Zeiss apochromatic objective 1 5 mm., compensating ocular No. 12 and camera 
lucida at table level. They were reduced one-half and represent a magnification 
of 1,050 diameters. All the preparations were fixed in 95 per cent alcohol and colored 
microchemically with hematoxylin. In figures 20, 30, 32, 33 and 35 we have a 
typical central chromatolj^sis pictured. 

24 Hypoglossal nucleus nerve cell after injur3^ duration of 1 day. 

25 After injurj^ duration of 2 daj's. 

26 After injury'’ duration of 3 daj's. 

27 After injurj^ duration of 4 days. 

28 After injury' duration of 5 daj's. 

29 After injur}^ duration of G daj^. 

30 After inj'ury duration of 7 days. 

31 After injury' duration of 8 daj^s. 

32 After injuiy duration of 9 daj's. 

33 After injur^^ duration of 10 days. 

34 After inj'urj^ duration of 11 days. 

35 After injury duration of 12 days. 

36 After injurj^ duration of 13 daj's. 

37 After injury' duration of 14 days. 

38 After injury duration of 15 days 

39 After injurj^ duration of 16 days. 

40 After injury duration of 17 daj's. 

41 After injurj^ duration of IS days. 

42 After injury duration of 19 daj^s. 

44 After injury' duration of 21 daj’^s. 
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PLATE 4 

EXPLANATION OF FICUHES 

The pathologic changes, meth d of drawing, magnification, fixation and coloring 
of illustrations represented by figures 43 to 63 are like those described in plate 3. 

43 After injury duration of 20 days. 

45 After injury duration of 22 days. 

46 After injury duration of 23 days. 

47 After injury duration of 24 days. 

48 After injury dura ion of 25 days. 

49 After injury duration of 26 days. 

50 After injury duration of 27 days. 

51 After injury duration of 28 days. 

52 After injury duration of 29 days. 

53 After injury duration of 31 days. 

54 After injury duration of 32 days. 

55 After injury duration of 33 days. 

56 After injury duratio-i of 34 days. 

57 After injury duration of 36 daj’s. 

58 After injury duration of 3 days. 

59 After injury duration of 38 days. 

60 After injuiy duration of 39 days, 

61 After injury duration of 40 days. 

62 After injury duration of 41 days. 

63 After injury duration of 4 days. 
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PLATE 5 

EXPLANATION OF FIGURES 

Figures 64 to 89, inclusive, v’ero treated like those in plates 3 and 4 except that 
figures 84, 86 and 88 were stained by the Nissl method to show the Nissl substance 
before they were subjected to the unmasking of the iron and the demonstration of 
this material by the hematoxylin method as rcpi esentcd in figures 85, 87 and 89. 

64 After injury duration of 43 days. 

65 After injury duration of 44 days, 

66 After injury duration of 45 days. 

67 Af er injury duration of 46 days. 

68 After injury duration of 47 days. 

69 After injury duration of 48 days. 

70 After injury duration of 49 daj^s. 

71 After injury duration of 50 days. 

72 After injury duration of 2 months. 

73 After injury duration of 3 months. 

74 After injury duration of 4 months. 

75 After injury duration of 5 months. 

76 After injury duration of 6 months. 

77 Five days after tearing axones. 

78 Ten da 3 ^s after tearing axones. 

79 Fifteen days after tearing axones. 

80 Twenty days after tearing axones. 

81 Twenty-five days after tearing axones. 

82 Thirty days after tearing axones. 

S3 Thirty-five daj^s after tearing axones. 

84 Normal nerve cell stained by Nissl method. 

85 Same cell destained with alcohol after which the iron was unmasked and 
then treated with hematoxylin for the iron reaction. 

86 Cell whose axone was ligated. Stained by Nissl method. 

87 Same cell showing iron reaction after having been dostained and treated 
with acid- alcohol for unmasking purposes. 

88 Neiwe cell whose axone was torn. Stained by Nissl method. 

89 Same cell destained and in vhich the iron was unmasked and then colored 
by the hematoxylin method. 
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'Uk Jomwi furmshtsi t!i mdhor 'id uprint-* of Iuj pipir gruis \ddttiojnl 1 ’fn‘' 
mis heohtinhd n < ording t" r'd* s k * ofnp uis im* g ilh \ pt*H f Ilu oi I* r for r* piuits 
ehouldhr uit SMth giUis prtMtl, for whnh pnr|n» i lilnnk forms un «uppln‘<l 

in MI Mill It 

ihit dl ilriwmg’ intunl d for photttgiiphn n pn jin in n ciilnr u hue r’jgri'OJg' 
ililtt- tok iMii Im mil d U'ij or lull t*n pliti* wish ml brush wnrki ^h nil I li 
nu 1« on wild* <r blue ^hiti puif or liristol Kurd not on white or uH'w 

toned 

rhofogriph^ mtexU'sl fe' lulf toi * lun i-li wpd I* s<s\w»\s rnourtctl 'sdU 

t ilorhss pj4tc u\tf with ghu, s\hi li dis-'i lurs th phutognpii 



